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Finding the External Force 


Tuomas D. PHILLIPS 
Marietta College, Marietta, Ohio 


(Received March 22, 1954) 


Ambiguity in the statement of Newton’s first law of motion occurs in most introductory 
physics texts. This is due to vagueness or inconsistency in the use of the word body. To make 
the statement of the law plain in meaning three revised wordings are available. In the opinion 
of the writer the best solution is to substitute the phrase, the center of mass of any body in the 


place of the common phrase every body. 





T may not be the exception that proves the 
rule, but it is the apparent exception that 
makes it clearer. For thousands of students the 
horse and cart problem has transformed the 
third law of motion from a vague assortment of 
words into an idea. After repeated explanations 
of this problem many teachers have begun to 
realize that part of the confusion arises from a 
vagueness in the usual statement of the law. 
Most textbook writers still use the traditional 
phrasing but include with it a modifying explana- 
tion which emphasizes that two bodies are in- 
volved. A few have courage to break with tradi- 
tion and give a completely revised wording such 
as, “If body A exerts a force upon body B then 
body B exerts an equal and opposite force upon 
body A.” The situation with regard to the third 
law of motion is reviewed here because it is 
generally recognized that confusion has arisen in 
the minds of students and that this confusion 
comes from lack of precision in stating the law. 
A somewhat similar ambiguity which is pres- 
ent in the usual phrasing of Newton’s first law of 
motion has received little attention. A few text- 
book writers have used their own revisions of this 


law but in most first-year college books it still 
runs something like this: Every body continues in 
its state of rest or of uniferm motion in a straight 
line, unless it is compelled to change that state by 
external forces impressed upon it. 

We teachers know, of course, what we mean 
by this law but unless we put some restrictions or 
special interpretations upon such a statement of 
the law our students would be justified in con- 
cluding that it is not always true. If our students 
are going to learn the law it ought to be so worded 
as to be clear, precise, and complete. 

The looseness in statement is in the meaning 
of the word body. In most discussions this word 
remains undefined. The natural assumption for 
the student to make is that a body is anything 
that comes all in one piece. In the explanation of 
the horse and cart problem this idea is extended 
so that the horse and cart together are regarded 
as one body. It is quite in order, then, that the 
student should come to the conclusion that a 
body is anything you choose to draw a circle 
around. 

If we accept this interpretation without reser- 
vations many exceptions to the first law of mo- 
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Fic. 1. The pendu- 
lum-cart. When the 


string S is burned the 
7 (P) pendulum P _ swings 


and the cart moves. 


tion come at once to mind. One such exception, 
the pendulum-cart, is shown in Fig. 1. It consists 
of a light cart supporting a heavy pendulum. 
The pendulum is held away from the perpen- 
dicular by a string which is tied to the frame of 
the cart. When the pendulum is released by 
burning the string the cart rolls back and forth 
along the table top and comes to rest in a new 
location. 

If we regard the pendulum and cart as one 
body the only external forces acting are the force 
of gravity acting downward, the upward com- 
ponent of the force exerted by the table which is 
the equilibrant for the force of gravity, and the 
force of friction exerted by the table which acts 
in a direction opposite to that of the motion of 
the cart frame. There is no force external to the 
complete assembly to account for motion of the 
body. This experiment does not “‘disprove’’ the 
first law of motion but it does show that our 
usual statement of the law as quoted above is 
inadequate. 

There are a number of possible wordings of the 
first law that make the law a true description of 
the behavior of the pendulum cart. These state- 
ments are as follows: 


a. In place of the phrase every body we may say 
any mass particle. This takes care of the situation 
for a mass particle can have no internal motions. 
It is the internal motion of the pendulum that 
gives rise to the observed motion of the cart frame. 
The mass particle phrasing has the disadvantage 
that it is psychologically difficult for students. 
It has the still greater disadvantage that the 
law thus precisely stated for a mass particle is 
limited in value unless it may be applied to 
bodies having extension. To shift from mass 
particle to an extended body, such as the pen- 
dulum cart, is not always easy to do. 

b. In place of the phrase every body we may say 
every rigid body. This also makes the statement 
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of the law an accurate description of events. 
If the pendulum cart were not permitted to have 
any internal motions, then the pendulum could 
not swing and the cart could not roll unless some 
other force were exerted by a body outside of the 
system. Limiting the application of the law to 
rigid bodies has, however, a serious defect. A 
rigid body is an idealized structure which has 
no counterpart in nature. This objection is of 
little consequence as there are many situations 
in which the rigid condition is sufficiently ap- 
proached. The really serious objection is that 
this statement of the law eliminates a large group 
of phenomena and leaves us without a funda- 
mental law to describe the motion of deformable 
bodies. 

c. In place of the phrase every body we may say 
the center of mass of any body. So stated the first 
law avoids the need for admitting exception or for 
supplying an auxiliary interpretation. Instead of 
ruling the pendulum cart out of consideration, 
because it has internal motion and is nonrigid, 
it includes the device and makes its behavior 
easily predicted. Using this statement of the 
first law we can say in advance of experiment that 
if the pendulum is released and moves one way 
the frame of the cart will move the other way 
and the motion of the parts of the assembly will 
be such as to leave the center of mass at rest— 
neglecting friction. Further—since the force of 
friction cannot be completely eliminated—there 
will be some motion of the center of mass. Since 
the force of friction is in a direction opposite to 
that in which the frame of the cart rolls the ac- 
tual motion of the center of mass of the assembly 
is in a direction opposite to that in which the 
cart frame first rolls. 
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Fic. 2. The bump-mobile. The man propels the system of 
which he is a part by hitting the plank with the sledge. 
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Figures 2 and 3 illustrate two other devices 
which demonstrate the utility of rephrasing the 
first law of motion so as to focus attention on the 
behavior of the center of mass. 

Figure 2 is a bump-mobile. It consists of a 
wooden plank, a heavy sledge hammer and a 
man. The man stands on the plank and hits the 
end of it with the sledge. If we accept the defini- 
tion that the plank, sledge, and man are one 
body then we find that though the plank remains 
at rest the center of mass of the assembly moves 
in the direction of arrow A as the man raises his 
sledge to strike and the force of ‘‘static’’ friction 
acts in this direction to “‘cause’’ the motion. As 
the man swings the sledge toward the end of the 
plank the center of mass of the system acquires 
a momentum in the direction of B and the force 
of “‘static”’ friction acts in that direction. When 
the sledge hits the plank the internal motion 
stops but the motion of the center of the system 
continues for a bit with the force of sliding fric- 
tion of the plank moving along the floor opposing 
this motion. 

Figure 3 is a sway-mobile. It consists of a 
platform cart with a follower-chock. The chock 
leaves the cart free to move in one direction but 
prevents the wheels from rolling in the other 
direction. The operator stands on the platform 
and by swaying his body propels the machine 
with considerable speed along a level floor. The 
chock is arranged so the cart cannot roll in the 
direction of A. If we draw a circle around the 
man and the cart and say the two together are 
to be regarded as one body then when the man 
sways in the direction of B the cart part remains 
at rest but the center of mass of the system moves 
in the direction of B and the force of “‘static’’ 
friction supplied by the chock acts in the direc- 
tion of B. When now the man sways in the direc- 
tion of A, the cart rolls in the direction of B. 
Except for the retarding effect of force of friction 


Fic. 3. The sway-mobile. The platform has its wheels 
blocked from rolling in one direction by the stick D which 
is fastened to the platform by strings F. The man propels 
the cart by swaying. 


acting in the direction of A, this motion of the 
cart will be such as to continue the center of 
mass at rest. 

Using the phrase “the center of mass of any 
body” in the first law of motion has one dis- 
advantage. With some writers it is the custom 
to use Newton’s second law of motion as the 
basis for a definition of mass. If this is done, 
then the use of the notion of center of mass in 
the statement of the first law is a bit premature. 
This objection can be eliminated by defining 
mass prior to making any statement of the laws 
of motion at all. This is not hard to do nor do we 
need to give up the idea of inertial mass in order 
to do it. 

Students often learn the laws as printed in the 
textbooks. It seems only reasonable to ask that 
the statements of these laws be true as they stand 
without the need of too much specialized inter- 
pretation and extended discussion of, situations 
to which they do not apply. It is suggested that 
in introductory physics texts the wording of the 
first law of motion be changed to read : the center 
of mass of any body continues, etc. 


The most difficult thing for a teacher is to recollect how much it cost him to learn, and to 
accommodate his instruction to the apprehension of the uninformed.—Thomas Young, Natural 
Philosopher by ALEX Woop (Cambridge University Press, 1954). 





















Topology of Steady Current Magnetic Fields 


KeitH LEon McDoNALp 


University of Utah, Salt Lake City, Utah 


(Received December 14, 1953) 


Textbooks often hold erroneously that the condition V-H =0 implies that lines and tubes of 
force are closed. Examples are given in which the lines of force are not only unclosed, but also, 


the density of lines may be made infinite in a region where the field intensity is finite. If the 
steady electric current density is everywhere finite, the magnetic field has singularities only at 
discrete points, lines, or surfaces, where H =0. In general, an infinity of lines of force may termi- 
nate on these points. Lines of force may have finite length, going from one singularity to an- 
other. A systematic analysis is made of the allowed distribution of singular points, and the 
linear fields in the neighborhoods of these points are classified. Certain types of singularities 
may appear in regions of finite current density, but cannot occur in regions free of current. 


Lines of force may form limit cycles. 


I, INTRODUCTION 


INCE their invention by Faraday, assem- 

blages of lines of force have been used exten- 
sively in the analysis and description of static 
magnetic fields. We are accustomed to imagine 
these assemblages drawn such that their cross- 
sectional density is everywhere proportional to 
the magnetic intensity, and we have regarded the 
energy density as being distributed throughout 
the-field proportional to the square of the number 
of lines per unit cross-sectional area. Although 
the efficacy of these concepts is unquestioned, 
there is ample room here for criticism since, as 
Slepian! pointed out, there frequently arise mis- 
conceptions about these assemblages. We know 
of no estimable investigation of the topological 
properties of static magnetic fields. Perhaps this 
is the reason for these common fallacies. The aim 
of this paper is to reveal these misconceptions, 
common amongst authors of both elementary 
and advanced textbooks, and to catalog some of 
the important topological properties of magnetic 
fields. 

To arrive at the root of these fallacies, let us 
briefly review the mathematical relations ex- 
pressing the properties of assemblages of lines. 
A magnetic line of force is defined as a curve 
which is everywhere tangent to the field inten- 
sity H. If s; is a component arc length param- 
eter in generalized coordinates u‘(x,y,z), where 
ds;=h,du‘ (i=1,2,3), the differential equations of 


1 Joseph Slepian, Am. J. Phys. 19, 87 (1951). 
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the lines of force are 


hydu!  hodu? = hydu® 
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The solution of these equations, in general, con- 
tains two parameters which serve to individualize 
a line of force. The equations are valid for any 
material medium, both within and without the 
current regions. External to the current regions, 
the lines form the orthogonal trajectories of the 
magnetic potential surfaces. 

To deal with assemblages of these lines, let 
us now investigate the implications of the di- 
vergenceless character of H.? The divergence 
theorem requires the equality of the flux through 
the two ends of a tube of force, that is, a tube 
whose bounding surface is made up of lines of 
force. From this fact, it is commonly inferred 
that lines of force are always uniquely defined, 
continuous, never-ending, curves which either 
close on themselves or pass off to infinity. If the 
line density in an assemblage is chosen pro- 
portional to H in an initial region, the conclusion 
is that the lines may always be prolonged away 
from this region and the assemblage will con- 
tinue, by its density, to represent H, the lines 
spreading where the field diminishes and con- 
verging where it strengthens. There are two 
principal reasons why these conclusions are false. 
In the first place, there usually exist singular 
points in a magnetic field in which H=0, and 

2In what follows, we consider static magnetic fields 


generated by macroscopic current distributions. For sim- 
plicity, we assume a uniform permeability equal to unity. 
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where the direction of the magnetic vector is 
not uniquely specified. If a tube of flux initiates 
in a regular region and is prolonged so as to 
include either within it or on its surface one of 
these singular points, the tube may branch out 
into several tubes and there may be an infinity 
of lines which end on these points. Lines of force 
may, in fact, have finite length. Secondly, lines 
of force are generally not closed curves (simi- 
larly in the steady state flow of electric charge, 
the condition V-J=0 in no way implies that the 
current filaments are closed). For this reason, 
as we shall see in Part II, unless artificial space 
cuts are employed, it is possible to construct 
fields in which the line density is infinite in a 
region where the magnetic intensity is finite. 
Such regions could be dealt with in a straight- 
forward way if there were general criteria which 
decided whether the lines form closed curves. 
Unfortunately, such criteria are unknown. 

In Part II we shall point out some of the diffi- 
culties encountered in attempting to establish 
these criteria. In Part III we define the types of 
singularities which arise in static magnetic fields 
and in Part IV we describe the types of linear 
fields which may occur in the neighborhoods of 
these singular points. Part V is devoted to the 
development of a theorem on the allowed distri- 
bution of singular points. In Part VI we shall 
discuss briefly the application of the Poincaré 
index to plane two-dimensional fields, and in 
Part VII we investigate those limiting closed 
space curves (limit cycles) which are approached 
asymptotically by the lines of force. 

Finally, we should comment on the one ob- 
vious, objectionable feature of representing a 
vector field by assemblages of individual lines. 
Everyone has experienced the unpleasant in- 
tuitive feeling concerning those regions where H 
is relatively weak: If the field is represented by 
ten lines per square centimeter at a point P 
where the magnitude of H is H(P), how do we 
represent the field at point P’ where its magni- 
tude is H(P’)=2"HA(P)? Some authors have 
attempted to circumvent this difficulty by 
imagining tubes of force constructed from an 
equal, but arbitrarily large, number of lines of 
force, the number N of tubes per unit cross- 
sectional area being equal to the local value of 
H. It is then held that through any element of 


OF STEADY CURRENT 


MAGNETIC FIELDS 


area 6S 
5N=H:‘8SS. 


This is an obvious attempt to continuously dis- 
tribute the lines so as to cover all points of space. 
The replacement of the concept of line density 
by that of tube density but little improves our 
position. 


Il. ON THE CLOSING OF LINES OF FORCE 


Magnetic lines of force and of induction are 
not generally closed curves. To establish our 
argument let us examine the field generated by 
a fixed current J, flowing in a ring solenoid and 
an adjustable current J, flowing along its axis, 
Fig. 1. A line of force, produced by the ring 
solenoid alone (J2=0), which originates at a 
point P will link the circuit of 7; and return to 
P, the line always remaining in the plane through 
the axis and point P. Now if we insert the circuit 
Iz, we see, from the right-hand rule, that the 
field of Iz produces the following effects, depend- 
ing on the magnitude of J,: The lines of force 
originating at P will link both J, and J, and (a) 
return to P after an integral number of linkages 
n of I, and m of Is, or (b) will never return to P 
(incommensurable case). Thus, if we start an 
assemblage of lines from a _ two-dimensional 
region R and follow it continuously around the 
wire, we find that the tube of this assemblage 
does not return to the individual points where it 
originated. Moreover, similarly constructed ad- 
jacent tubes will spiral about the solenoid and 
eventually enter the region R, their lines becom- 
ing interlaced with lines originating in R. In the 
incommensurable case we should therefore find 
an infinite line density although H is finite. If 
we wish to retain the concept of line density as 
representing H, then the lines must not be con- 
tinued on into the initial region. The lines must 
be interrupted by introducing artificial surface 
cuts. The lines which are stopped in this way 
must have a cross-sectional line density equal to 
the density of lines which originate on the oppo- 
site side of the cut, to preserve the condition 
V-H=0. Thus we may construct a satisfactory 
representation of the field using assemblages of 
lines even when the lines do not close. In our 
example, the lines must be artificially broken at 
least once for each revolution about the wire if 
they are to have the proper density. 











Fic. 1. Nonclosed lines of force produced by the 
steady currents J, I. 


General criteria which decide whether the 
lines close on themselves have not been estab- 
lished. It can only be said that definite symmetry 
of some sort must exist in the case of closed lines. 
On the other hand, systems of conductors ex- 
hibiting definite symmetry do not always form 
closed lines of force. Any plane through the axis 
of the straight conductor of Fig. 1 is such a sym- 
metry plane of the conductors. A second, trivial 
example is that of a straight wire conductor 
parallel to the Earth’s constant magnetic field; 
the lines form helices. 

To illustrate the difficulties encountered in 
attempting to establish these criteria, we con- 
sider one example. In Fig. 2a is shown an arbi- 
trary current filament 7; which is reflected in the 
XY plane to obtain the current filament 72. To 
compute the field intensity at an arbitrary point 
P we employ the law of Biot-Savart, performing 
the integration on both circuits simultaneously 
(in the figure we have £:= £2, m1 =72, (1= —£2). 
The analysis is sufficiently straightforward to 
allow us to state only the results. There are two 
cases of interest. If 72 has the direction shown in 
the figure, i.e., 7; =72, we find that H, and H, are 
odd functions of z, whereas H, is even. This im- 
plies that the field below the XY plane is the 
reflection of that above, except that the sense of 
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the lines of force is reversed. This is a sufficient 
condition for a line of force to close on itself 
provided it penetrates the XY plane twice. 
However, it may penetrate the XY plane only 
once and thereafter either go to infinity or end 
in a singular point in the finite domain. Also, 
it may not intersect the X Y plane even once. 
In the latter case, a line may spiral about the 
circuit, connect different singular points, or 
connect a singular point with infinity. In the 
second case (42=—1%,) we find that H, and H, 
are both even functions of z, whereas H, is odd. 
Here we have a true reflection of the magnetic 
field in the X Y plane, including the sense of the 
lines. Evidently, we can draw no important con- 
clusions from this case. 

It is commonly held that plane circuits of 
otherwise arbitrary shape always produce closed 
lines of force. Our above analysis immediately 
shows the falsity of this statement. For we may 
set {:=f2=0 in the first case above (7;=72). 
Then both circuits coincide and lie in the XY 
plane. Again we conclude that if a line penetrates 
the X Y plane twice, it necessarily closes on itself. 
However, it may penetrate this plane once and 
subsequently go to infinity or end on a singular 
point, or it may not intersect the plane even 
once. A very trivial example is shown in Fig. 2b. 
The single loop of wire is deformed so as to ap- 
proximate two similar, closed, circular loops. A 
map of the lines on the equidistant plane resem- 
bles that due to a pair of oppositely charged 
discrete poles. 


Ill. DEFINITIONS OF SINGULAR POINTS 


A steady current magnetic field contains only 
two types of singularities at a point or set of 
points {Po}: 


(a) The magnitude of H is infinite at Po(x,y,2). 
This type of singularity is artificially synthesized 
and cannot occur in macroscopic current distri- 
butions of finite current densities. We have no 
interest here in this singularity. 

(b) The direction of H is not uniquely defined 
at Po. The existence of this type of singularity 
requires that H vanish at Po. An immediate 
example is offered by the field of an infinite 
solid cylindrical conductor of radius a and uni- 
form current density J. Near the axis of the wire 
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the lines of force are concentric circles and the 
only nonvanishing component of the field in- 
tensity is the angular component H,=27Jr/c 
(Gaussian units). The point Pp» on the axis con- 
tains a circular line of force of radius zero. Also 
H(P>) =0. Thus we conclude that the axis of the 
wire is a line distribution of singularities—a line 
singularity. 


We consider one further example. Suppose we 
remove from the above cylinder a solid cylindri- 
cal section of radius b<a, Fig. 3. In the region 
b<r<a the only nonvanishing component of 
the field intensity is the angular component 
H,=(22J/cr)(r*>—b?). Consider the field in the 
neighborhood of a point Po on the surface r=b. 
For values of r<b, H=0 so that H may be as- 
signed any direction. For values of r>), the field 
is essentially tangent to the cylindrical surface 
at Po. The surface r=) is a surface distribution 
of singular points, since the direction of H{ is not 
uniquely defined in the neighborhood of any 
point Po of this surface. Finally, when H vanishes 
identically at points in a volume distribution, it 
is true that we may assign any direction to H. 
However, we choose not to classify such points 
as singular points. Thus, in Fig. 3, the points 
for which r <d are not counted as singular points. 

To investigate the behavior of the field in the 
neighborhood of a singular point, we next classify 
the field according to the coefficients which ap- 
pear in the linear terms of its Taylor expansion. 


IV. LINEAR FIELDS 


We consider the first-order terms in the Taylor 
expansion of an arbitrary vector field about 


we z) 





Fic. 2. (a) Reflected circuits. (b) Field of 
a plane current filament. 


Fic. 3. Surface dis- 
tribution of singular 
points. 


some point Po for which the components of the 
vector are regular. Such a linear field may always 
be represented as the sum of a vector translation 
field, vector rotation field, and a homogeneous 
deformation field.2 Thus we may write, for an 
arbitrary vector F, 


F(x,y,2) =Fot3(V XF)oXR+is(a+b)x 
+i2(a—b)y+iscz, (1) 


where a, 6, ¢ are real constants and R=7,\x 
+i.y+i3z. The rectangular axes are here chosen 
so that they are the principal axes of the defor- 
mation field. For our specific purpose, we equate 
F and H, and we regard Pp as a singular point 
of the field of H. Thus the vector translation 
field vanishes. If we write Eq. (1) in matrix 
form, we find that the rotation vector contributes 
three antisymmetric elements to the coefficient 
matrix, whereas the deformation vector con- 
tributes the diagonal elements. Moreover, the 
divergenceless character of H requires that the 
trace of the matrix vanish. Hence we are left 
with five independent parameters and our matrix 
equation may be written 


Ht. a+b —-A 
H,|=| A a-—b 
H, B c 


—Bi\\ix 
—C }ly}. (2) 
—2a|\|2 


According to the five parameters, we specify 
five independent component fields, Fig. 4.4 The 


3 See H. B. Phillips, Vector Analysis (John Wiley and 
Sons, Inc., New York, 1948), p. 44. 

4 Our choice of resolving an arbitrary linear field into its 
five component fields is not unique. For example, a field 
may consist of three deformation fields, one lying in each 
coordinate plane. Our analysis merely shows that principal 
axes may be so chosen that the three deformation fields are 
equivalent to some combination of the five fields shown in 
Fig. 4. Also, there may arise singularities in which several 
different types of fields occur about the same singular 
point, depending on the solid angular sector about this 
point. Figure 6c is such an example. 
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Fic. 4. Component linear fields in the neighborhood of a singular point. (a) Deformation field 
(b>0), xy =constant. (b) Quasi-divergence field (a>0), x =kiy, zr? =ke, r? =x?+-?. (c) Rotation field 
(A>0), x?+y?=constant. (d) Rotation field (B>0), x?+2?=constant. (e) Rotation field (C>0), 


9?-+2? =constant. 


three rotation fields appear as pure rotation 
fields in each of the three coordinate planes. 
The deformation field is, in our representation, 
a plane two-dimensional field consisting of the 
family of equilateral hyperbolas xy=constant. 
(Observe that the lines in the plane x=0 inter- 
sect Po with opposite senses—similarly for the 
lines in the plane y=0. We may therefore choose 
to say that these lines terminate and begin at 
Po, respectively. Such a two-dimensional field 
would therefore contain an infinity of lines termi- 
nating and initiating on the Z axis.) The quasi- 
divergence field has rotational symmetry about 
the Z axis. In the plane z=0, the field is a two- 
dimensional divergence field with the lines of 
force extending radially away from Pp» (for 
a>0). Since the lines all diverge (or converge) 
at Po, they must terminate there; otherwise, 
they do not retain their uniqueness property. 
Yet the three-dimensional field is divergenceless. 
Indeed, it is possible to have several two- 


dimensional nondivergenceless fields intersect at 
a point and still preserve a three-dimensional 
divergenceless condition.’ This apparent paradox 
is easily resolved. Let us pass a regular surface 
S’ through a simply connected region R bounded 
by a regular surface S. S’ intersects S is a closed 
curve C. We conclude that the vanishing of the 
flux integral over S imposes no immediate 
restriction on the behavior of the field over S’, 
since S’ has no thickness and thus contributes 
nothing to the surface integral for that portion of 
the integration near curve C. 

It is of interest to observe the manner in which 
a tube of force would be deformed if it originated 
in a region which included the Z axis of Fig. 4b; 
the tube would fan out and cover the whole 
XY plane. Also observe the resultant deforma- 


5 By a “two-dimensional field’’ we mean any regular 
surface over which the normal component H,, of the field 
vanishes. This imposes no restriction on the normal deriva- 
tive of this component. 
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tion of a tube of force originating in a region 
which contains one of the axes in Fig. 4a; a 
single tube splits into two tubes. 

An example of a quasi-convergence field is 
shown in Fig. 5. The field due to the currents J, 
in the circular conductors produce a quasi- 
convergence field in the neighborhood of Po. If 
we now allow a current J, to flow in the solid 
axial conductor, we have a pure rotation field 
superposed on our previous field, thereby causing 
the lines in the X Y plane to spiral in toward Pp. 

We now examine plane two-dimensional fields. 
Without loss of generality we set H,=0 in 
Eq. (2), so that in the X Y plane, B= C=0. Thus, 
for a plane two-dimensional linear magnetic 
field, valid in the neighborhood of a singular 


point Po, we have 
H; a+b —-A " 
* A a } 

which is resolved into the rotation field (Fig. 4c), 
the deformation field (Fig. 4a) and the di- 
vergence field lying in the X Y plane of Fig. 4b. 
If the two-dimensional field is divergenceless, 
only the rotation and deformation fields are al- 
lowed. These are both represented in the follow- 
ing example, Fig. 6: This plane two-dimensional 
divergenceless field is produced by an infinite 
straight conductor of uniform current density, 
immersed in a uniform field of strength Hoz. The 
lines of force within the current region are the 
family of circles x?+(y—cHo:/2rJ)*=k?, of 
parameter k. Exterior to current region the lines 
are represented by r=k, exp{ycHo:/2zxa7J}, 
where 7?=x?+-y? and a is the radius of the wire. 
The occurrence of singular points depends on the 


(3) 
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relative strengths of Ho, and J. In Fig. 6b there 
occurs a rotation field at Po(0,cHo./27J), and a 
deformation field at P1(0,24a*J/cHoz) with prin- 
cipal axes rotated through 45°. This case is 
characterized by the relation cHo:/2%J <a. In 
Fig. 6c, cHo:/2rJ=a and the two singular 
points fuse into one at Po(0,a), the sector of 180° 
on the left comprising a deformation field and 
that on the right a rotation field. In Fig. 6d, 
cHo,/2xJ>a and there are no singular points. 
The dashed lines of force have been sketched in 
only to indicate the general nature of the field 
without attempting to preserve the proportion- 
ality between line density and field strength. 

In this chapter we have discussed only the 
structurally simplest types of fields possible. 
It may happen that the field in the neighborhood 
of a singular point cannot be represented as a 
linear field. The field of three parallel cylindrical 
conductors of infinite extent, placed at the 
vertices of an equilateral triangle, contains a 
singular point at the center of the triangle when 
the currents have the same sense. But the lowest 
terms in the Taylor expansion about this point 
are of second order. We therefore have a singular 
point of second order. Singularities of second and 
higher order would require a separate investiga- 
tion. 


V. DISTRIBUTION OF SINGULARITIES 


Certain types of singularities may appear in 
regions of finite current density, but cannot 
occur in regions free of current. In this chapter, 
we wish to catalog the allowed types of singu- 
larities in these two regions. 

Our previous examples have established that 
discrete point and line singularities may exist 


Fic. 5. Superposition of a quasi-divergence field and a rotation@field. 
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(d) 


Fic. 6. Singular points of plane two-dimensional divergenceless field. 


both within and without the current regions. A 
distinct line singularity may pierce the boundary 
of the current region and thereby be contained 
in both of these regions. In general, a magnetic 
field will contain curved line singularities, several 
of which may intersect in a common point. A 
line singularity may form a closed curve. In 
this case, the neighboring lines of force may or 
may not be asymptotic to the curve. If the lines 
are asymptotic, we say that the curve forms a 
limit cycle (the latter is discussed in Chap. VII). 

Of the possible distributions of first-order 
singularities external to current regions, only the 
deformation and quasi-divergence types are 
allowed, the component rotation fields being 
ruled out by Ampére’s law. Since line singulari- 
ties are surrounded by two-dimensional fields, 
it follows that these fields are necessarily of the 
pure deformation type. 

We have yet to catalog the occurrence of 
surface distributions of singular points. In Fig. 3, 


we observed that the inner surface of the cylin- 
drical shell comprised a surface of singularities. 
Now suppose that we surround this shell with a 
second cylindrical shell, concentrically. By ad- 
justing the sense and magnitude of the current 
in the outer shell, we are easily convinced that a 
second cylindrical surface of singularities may be 
generated which always lies within or on the 
boundary of the current region. Adding more 
shells in no way enables us to generate a surface 
distribution of singular points which lies external 
to the current region. 

A second trivial example is that of the plane 
infinite current sheet of thickness # and uniform 
current density J=J,, shown in Fig. 7. Using 
Ampére’s law we find that 


ay 2ah 
H.(0)=|1-—"| i, H,=—J, H,=H,.=0, 
c 


where Hp» denotes the constant field external to 
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the current region. The field vanishes over the 
surface of singularities at y=h/2. This plane 
two-dimensional divergenceless field is linear and 
may therefore be resolved into a rotation field 
and a deformation field. Again the singular points 
occur within the current region. To prove that 
surface distributions of singular points always 
occur within the current regions (J+0), or on 
their boundaries, let us assume the contrary 
and thereby prove a contradiction. 

Let o denote a regular surface of singular 
points lying external to the current region. For 
our purpose we insert the necessary space cuts 
which ensure the vanishing of the magneto- 
motive force for every allowed closed path. 
This is a n.a.s.c. that H be the gradient of a 
scalar ¢, valid in a domain 7 not containing the 
space cuts. It follows that ¢ is a harmonic func- 
tion in 7 since the divergence of H is identically 
zero. The vanishing of H over ¢ implies that, for 
points of o, ¢=constant and the normal deriva- 
tive of @ vanishes. But if a function ¢ is harmonic 
in a domain 7 and is constant at all points of 
any finite surface element, however small, con- 
tained within or on the boundary of 7, and fur- 
ther, if the normal derivative of @ vanishes over 
this element, then ¢ has this constant value at all 
points of 7.° This implies H=0 in r—a contradic- 
tion of our original hypothesis. We thus have 
proved that surface distributions of singular 
points always occur within or on the boundaries 
of current regions. From our previous examples 
we may now state the theorem: Discrete point, line, 
and surface singularities generated by steady cur- 
rent magnetic fields may be found either within or 
without the current regions, with the single excep- 
tion that surface singularities are confined to the 
current regions or their boundaries. 

From the method of proof it is also evident 
that if H vanishes identically over some finite 
portion of the boundary of a current region, it 
vanishes identically over all the connected 
boundary, and over all the connected space 
external to the current region. 


6 See F. Pockels, Uber die partielle Differentialgleichung 
Au+k*u=0 (Teubner, Leipzig, 1891), pp. 212-213. The 
theorem, applied to the wave equation, is also valid for 
Laplace’s equation (k=0). . 
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It is worthwhile to apply this theorem to two- 
dimensional fields generated by an arbitrary 
distribution of infinite parallel current filaments. 
In the plane perpendicular to the current fila- 
ments, we have the Corollary: Discrete point 
and line singularities generated in plane two- 
dimensional fields by infinite parallel current 
filaments, may be found either within or without 
the current regions, with the exception that line 
distributions of singular points always occur 
within or on the boundaries of current regions. 
Figures 3 and 7 verify the corollary. The corol- 
lary may be proved directly by use of Green's 
theorem for the plane. 


VI. THE POINCARE INDEX 


In a plane two-dimensional field we may choose 
in the XY plane a simple closed curve I which 
does not cross singular points. If we move a 
point P along I, the field vector h=H/H will 
rotate so that after one complete circuit of P on 
I’ an integral number j of revolutions of h will be 
experienced. We shall choose j positive when h 
rotates counterclockwise, in accord with the 
usual direction of integration. We call 7 the index 
of the closed curve I with respect to the field of 
H. Evidently ! may be deformed continuously 
without changing the value of the integral (since 
j is an integer), so long as no singular points are 
intercepted. Thus we may shrink the curve [ 
about a discrete singular joint and thereby 
calculate its index. These concepts are formu- 


¥ 


Fic. 7. Surface distribution of singular points generated by 
infinite plane current sheet. 
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Fic. 8. Limit cycle external to current region. 


lated below: 


1 1 H, 
j=— ao-— § a tar ) 
2r Jr 2n Jr H 


zx 


1 f H.4dH,—-H dH, 
Tr 


Qn H?Z+H; 

Since this a curvilinear integral of a total differ- 
ential, the continuity of the function over the 
surface bounded by I requires that j vanish. 
That is, the index of a closed curve which does 
not surround singular points is zero. Unfortu- 
nately, the converse of this is not true, as one 
may verify from Fig. 6c. A closed line of force 
surrounds at least one singular point. For the 
index of this curve is always +1 regardless of the 
sense of the line of force. Equation (4) may be 
extended to general two-dimensional fields. 

It is of interest to compute the index for the 
plane two-dimensional field given by Eq. (3). 
By choosing as path of integration the ellipse I, 
[(a+b)x—yA }?+[xA+(a—b)y]}??=1, we have, 
after a simple calculation, 


. a*—b?+ A? 
jo — § (xdy —ydx). 
2r r 


But 4 r(xdy—ydx) is the area 1/|a?—b?+A?| 
of the ellipse. Thus we have 
a’*—b? +A? 


j= =+1 
|a?—b?+ A?| 


The singular case a?—b?+A?=0 does not per- 
tain to discrete singular points. Rather, we deal 
here with a line of singularities which cannot be 
surrounded by I. We conclude that a pure de- 
formation field has a negative index, regardless 
of the sign of b. Similarly, both the divergence 
(or convergence) field and the rotation field 
have positive indices, independent of the signs 
of a and A. 

It should be pointed out that the theory of 
plane two-dimensional vector fields has been 
thoroughly investigated in connection with the 
theory of oscillations. To illustrate this we ob- 
serve that if ¢ is an arc length parameter, we are 
justified in writing the two-dimensional equa- 
tions of the lines of force in the form 


dx 


ee ae (5) 
— z\X,V), —= X,Y); “ 
dt a 


since the slopes of the lines are correctly given by 
dy/dx=H,/H,. These equations have been 
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Fic. 9. Limit cycle composed of singular points. 


thoroughly investigated in connection with 
autonomous dynamical systems wherein the 
parameter ¢ is measured on a time axis, and for 
the most part we thus merely need a change of 
nomenclature.’ 


VII. LIMITING CURVES (LIMIT CYCLES) 


We now investigate limiting closed space 
curves which are approached asymptotically by 
the lines of force. We shall hereafter refer to all 
such curves as limit cycles in agreement with 
Poincaré’s terminology for isolated periodic mo- 
tions. This terminology has advantages since, 
as we have remarked, the theory of oscillations is 
directly applicable here for the case of plane 
two-dimensional fields. 

The existence of a limit cycle T requires that 
the latter surround current elements, unless all 
its points are singular points, except for a set of 
measure zero. For from Ampére’s law we have 


4rI 
g wa-— 
r c 


7 See, for example, Theory of Oscillations by A. A. An- 
dronow and C. E. Chaikin (Princeton University Press, 
Princeton, 1949), Chapters 5, 6, 7. . 


which proves our statement since the magneto- 
motive force around such a limit cycle cannot 
vanish. Limit cycles, however, are not restricted 
to current regions. This point is illustrated in the 
following interesting example: To the circuits 
shown in Fig. 5, let us add two further ring 
solenoids, each with currents J3;, about the 
straight wire conductor, their planes lying 
parallel to the X Y plane and located symmetri- 
cally with respect to the latter at a distance 
greater than that of the two previous solenoids. 
This arrangement is illustrated in Fig. 8, wherein 
the ring solenoids are simply represented by the 
heavy arrows of appropriate directions. The field 
of the ring solenoids in the X Y plane is directed 
radially toward or away from Po. By making J; 
considerably larger than J. we may locate a circle 
T’ on which the radial field vanishes, the field out- 
side the circle being divergent away from P, and 
the field inside being convergent toward Pp. 
By closing the circuit of J, in the straight wire 
solenoid, we thus produce a limit cycle, the 
circle T, lying external to the current region. 
Obviously we may continue this process and 
obtain any number of limit cycles lying in the 
XY plane. It is interesting to observe that our 
process has also generated two further singular 
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points Po’, Po’’ of the same type as Po. The 
axial lines of force connecting Po, Po’ and Po, Po” 
are of finite length (similarly, the lines connecting 
P.,. and P_ in Fig. 2b have finite lengths). 

We may also construct limit cycles which 
consist entirely of singular points. Such an ex- 
ample is illustrated in Fig. 9. The arrangement is 
similar to that of Fig. 8 wherein the previous 
ring solenoids are again represented by heavy 
arrows. We recall that their field in the X Y plane 
is radially converging toward Po in the region 
inside [ and radially diverging in the region 
outside, vanishing at all points of T. We wish to 
apply a rotation field which vanishes on I. 
Instead of the single straight wire conductor we 
employ two coaxial straight wire conductors with 
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oppositely directed currents, adjusted so that the 
angular field intensity vanishes at points of I. 
This gives our desired construction. It should be 
observed that points of I lie either within or on 
the boundary of the current region of the outer 
conductor, such that the net current passing 
through TI is zero. 

The existence of limit cycles, consisting en- 
tirely of singular points which lie external to 
current regions is impossible; otherwise, we 
would have a violation of Ampére’s law. 

Limit cycles of the types shown (i.e., where the 
asymptotic lines lie in a plane surface), cannot 
exist if 0H,/dz has the same sign at all points of 
the region under investigation. For from Green’s 
theorem for the plane, the integral 


0H, oH. oH, 
-ff In jase £ (H,dy — H,dx) (6) 
02 
Ss 


cannot vanish since the integrand of the surface 
integral does not change sign. But on T we know 
that dx/H,=dy/H, and the line integral must 
therefore vanish. This contradiction proves the 
statement. Equation (6) may likewise be useful in 
deciding whether a line of force in the X Y plane 
closes on itself. Frequently a casual inspection of 
the surface integral is sufficient, even when the 
integrand changes sign. 

In a two-dimensional divergenceless field pro- 
duced by infinite parallel current filaments of 
arbitrary distribution, limit cycles can never 
occur. Suppose such a limit cycle to exist. We can 
describe a rectangular prism whose bases are 
perpendicular to the current filaments and whose 
contours lie just inside the limit cycle. The three- 





dimensional divergenceless condition then re- 
quires that the flux of H vanish over this prism. 
Since the flux is zero through the individual bases 
it must vanish over the lateral surface, but this 
is impossible since the lines of force are asymp- 
totic to the limit cycle. 
tradiction. 

In this chapter we have only pointed out some 
of the elementary and obvious properties of 
limit cycles. Actually, little is known on this 
subject even in the theory of oscillations. 


We thus have a con- 
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This paper is in part a review but it also contains some original work. It deals with the 
manner in which shock waves are formed from finite compressions in gases and describes some- 
thing of the structure of the shock front itself. The principal features of the behavior of shocks 
in reflection, refraction, and diffraction are discussed with particular attention given to anoma- 
lous observations and comparison with simple theories. Some results are given for shocks in 
real molecular gases showing relaxation effects. Quite a number of illustrations are included 
from the authors’ own observations in the shock tube. The treatment is not exhaustive but 
covers many points likely to be of interest to teachers of physics. 


INTRODUCTION 


HE purpose of this paper will be to discuss 

some of the properties and effects of shock 
waves and their relation to sound waves. Every- 
one knows that the speed of sound in a gas is 
that speed at which small compressions are 
propagated by collisions between molecules. In 
fact, the speed of sound is approximately equal 
to the average molecular velocity. Shocks, on 
the other hand, are characterized by a large 
increase in pressure within a few mean free paths 
and advance at supersonic speeds. Explosions 
and lightning are two familiar sources of shocks. 
In both cases a region of high pressure is suddenly 
created from which a shock travels outward 
through the surrounding air. Since energy must 
be spread over an ever increasing surface as the 
shock expands its strength will diminish both 
from the expansion and from viscous dissipation. 
Eventually the shock will decay into a sound 
wave. 

We shall first describe some of the properties 
of small amplitude sound waves. An extension of 
the theory then leads to the prediction that 
large amplitude waves tend to steepen on the 
front side and decline in back. When viscous 
effects are sufficiently small theory shows that 
the front of a continuous compression wave 
will eventually become infinitely steep. In the 
physical sense we say that a shock has formed. 
We shall then develop various relations per- 
taining to shocks and discuss their behavior in 
reflection, refraction, and diffraction. A device 


* Part of the work described in this paper was supported 
by an U. S. Office of Naval Research contract. 


called the shock tube for producing them in the 
laboratory under controlled conditions will be 
described. Finally, mechanisms for the eventual 
decay of shocks into sound waves are considered. 


PROPAGATION OF SOUND WAVES 


The speed of sound in a gas may be found by 
applying the principles of conservation of mass 
and momentum to the medium and assuming 
that the compressions produced by passage of 


the sound are isentropic.! A wave equation for 
the variation in pressure results, 


a?0?p'/ dx? = 0p’ / dt. (1) 


Here p’ is the change in pressure from ambient 
at a point x and time ¢ and a is the velocity of 
sound given by , 


a’ =dp/dp, (2) 


where it is understood that the derivative of 
pressure p with respect to density p is to be 
taken with the entropy constant. Many gases 
behave like an ideal gas for which 


b= pRT, (3) 


R is the gas constant per unit mass, and T the 
temperature. If the specific heats C, and C, are 
constant and their ratio denoted by y=C,/C, 
the speed of sound may be expressed as 


a’? =yRT. (4) 


This equation also gives the speed of a finite 
rarefaction wave advancing into a gas at rest,’ 


1See for instance W. F. Durand, Aerodynamic Theory 
(Verlag Julius Springer, Berlin, 1934), Vol. III, p. 210. 
27. I. Glass, J. Aeronaut. Sci. 19, 286 (1952). 
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TABLE I. Velocity of sound in ft/sec at 20°C for air, 
argon, carbon dioxide, and nitrous oxide obtained by 
four methods: (1) continuous sinusoidal waves, (2) ex- 
trapolation of weak shock velocities, (3) finite rarefactions, 
and (4) calculation from Eq. (4). In addition the values 
of y at 20°C computed from the specific heats are included. 


Gas Air A CO: N20 
1. C. W.* 1126 1048 877 
2. Weak shock 1126 874 875 
3. Rarefaction* 1126 1045 874 
4. /(yRT) 1126 1046 877 872 
5. ¥ 1.400 1.667 1.290 1.275 


® Values for the velocity of continuous sound waves from the litera- 
ture and the speed of a rarefaction wave are given in reference 2 together 
with probable errors. The data for weak shocks are original, and the 
estimated accuracy is +1 for air and +2 for the other gases. 


predicts the asymptotic speed of a shock as the 
shock becomes vanishingly weak, and applies 
to gases with variable specific heat as long as 
Eq. (3) is an adequate equation of state. All of 
these methods have been used to determine the 
speed of sound in several different gases. It is 
interesting to compare the various experimental 
results with one another and with the theoretical 
value. Table I summarizes the data for four 
common gases, air, argon, carbon dioxide, and 
nitrous oxide. The agreement is quite gratifying 
in view of the variety of methods involved. 

An appreciation of the extremely small ampli- 
tudes associated with the propagation of sound 
may be gained by noting that the pressure 
fluctuations in the loudest sound that is not 
actually painful is one thousandth of atmospheric 
pressure. The faintest sound the ear can detect 
is a variation of about 3X10-" atmosphere 
pressure. Since the pressure amplitude of a 
spherically expanding wave drops off only in- 
versely with distance, it is easy to see why 
sounds may be heard at great distances from 
their origin. Of course, accidental focusing by 
wind and temperature gradients may greatly 
increase this range. 

In spite of the small amplitudes of audible 
sound waves there is a tendency for the crests 
to move slightly faster than the troughs since 
they are at a slightly higher temperature. Thus 
a sinusoidal wave will become distorted after 
traveling some distance. Viscosity acts to limit 
such distortion and a steady condition is reached 
in which the two effects just balance one another. 

This problem has been studied in some detail.* 


3R. D. Fay, J. Acoust. Soc. Am. 3, 222 (1931). 
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When the simplifying assumption of infinitesimal 
amplitudes is dropped and the existence of 
viscous forces taken into account, a more com- 
plicated differential equation than the wave 
equation results whose solution may be expressed 
in terms of a Fourier series. The stable wave 
shape even in a one-dimensional problem is 
found to be a function of the amplitude. There 
is therefore no fixed wave shape but a continu- 
ously varying one leading finally to a sine wave 
when most of the energy has been dissipated. 
As an example the wave shape for a thousand- 
cycle plane wave with p’=10~-* atmosphere has 
been computed numerically* and is shown in 


ATM«10°5 
=x 





PRESSURE 
q 


Fic. 1. Calculated wave shape for a thousand cycle note 
having an amplitude of 10-5 atmos and the same wave 
when the amplitude has decreased by half. 


Fig. 1 along with the shape of the same wave 
when its amplitude has decreased by half. 


FINITE COMPRESSION PULSES 


A single compression wave of finite size may 
be generated in an imaginary experiment as 
follows: a tight-fitting piston in a long horizontal 
tube is accelerated to the right for a short time 
and then brought to rest again a distance L from 
its original position. A compression wave will 
advance through the air ahead of the piston and 
move every particle a distance L to the right. 
Initially the wave will have some shape as shown 
in Fig. 2a. Since each part of the wave advances 
with the local velocity of sound the same sort 
of steepening will occur with time as did in the 
large amplitude sound waves. For the moment 
let us neglect the influence of dissipation and 
follow the changes in wave shape arising from 
temperature effects alone. 

Riemann‘ studied this problem many years 
ago and found that the disturbance travels in 
such a way that any point B with pressure p 
and particle velocity v advances with the speed 


4B. Riemann, Géttingen Abhandlungen 8, 43 (1860). 






SHOCK WAVES 


v+a, where a is the local speed of sound. In terms 
of the speed of sound a; ahead of the compression 
B travels with speed a,+ (y+1)v/2.° If one has 
the velocity profile at a given time t=0 (Fig. 2b), 
then the profile at a later time At may be found 
by advancing each point of the wave front a 
distance [ai +(y+1)v/2]At. This construction 
has been carried out in Fig. 2c. It is evident that 
after a time ¢=2/[(y+1) (dv/dx)1~0] a vertical 
tangent will be reached as in Fig. 2d. 

An experimental verification of the foregoing 
theory has been obtained in the shock tube with 
the aid of an interferometer. Three pictures in 
Fig. 3 show how the density in a compression 
wave varies with time. Suffice it to say for the 
moment that the vertical displacement of a 
given fringe is directly proportional to the 
density. We conclude that an infinite slope in the 
theoretical solution corresponds to a shock in 


Fic. 2. Construction showing how a compression wave 
steepens into a shock according to Riemann’s theory. 


When a vertical tangent is reached we say that a shock is 
formed. 


real life. In the next section we shall investigate 
the properties and structure of shocks by means 
of the conservation equations. 


SHOCK WAVES 


The conservation equations for a fluid enable 
us to draw many conclusions about the behavior 
of shocks without knowing anything about their 
structure. For an observer riding on a shock in 
one-dimensional steady flow let us use the 
symbols /;, v1, p1, and h, to give the values of 
pressure, velocity, density, and enthalpy at a 
point far enough ahead of the shock for condi- 
tions to be uniform. Similarly the subscript 2 
will denote equilibrium conditions behind the 


5 Reference 1, Vol. 3, p. 216. 
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shock. Then the equations are: 


conservation of mass 


P11 = poe; (5) 
momentum 


Pitpiwr = potpwe’ ; (6) 


energy 
hy+0?/2 =he+v-2?/2. (7) 


In general the enthalpy is a fairly complicated 
function of temperature so that these three 
equations and the equation of state are difficult 
to solve. For the special case of an ideal gas with 
constant specific heat, however, h=c,T=yp/ 
p(y—1). If the velocities are eliminated an equa- 
tion between the pressure and density ratios 
across the shock is obtained, 


1 1 

Afi =|/[— +4} (8) 
pi y—-1pi 7-1 

This relation was found independently by 
Rankine and Hugoniot in the last century® and 
is named after them. It is applicable to mona- 
tomic gases over a wide range of temperatures 
and works well for air up to about 500°K. Above 
this range appreciable vibrational energy is 

present so Cc, is no longer constant. 
The symmetry of Eq. (8) suggests that rare- 
faction shocks might also exist in nature. These 
may be shown to lead to a decrease in entropy, 


Fic. 3. Fringe pattern obtained with an interferometer 
of three stages in the formation of a shock from a con- 
tinuous compression. The wave is traveling toward the 
right. The vertical position of a given fringe is proportional 
to the density at that point. In the last picture a jump of 
seven fringes occurs. 


6W. J. M. Rankine, Phil. Trans. Roy. Soc. 160, 277 


(1870). H. Hugoniot, J. école polytech (Paris) Nos. 57-59 
(1887-89). 
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however, and must be ruled out by the second 
law of thermodynamics.’ 

If velocities are measured in units of the local 
speed of sound several useful relations assume a 
specially simple form. With the same assump- 
tions as before and the Mach number M defined 
as v/a, the shock density and pressure ratios are 


2 y—-1 
nio-1 /| +7] (9) 
(y+1)MY y+1 
27 
p2/pi=1+——_(M}?-1). (10) 
y+1 


Both are seen to be monotonically increasing 
functions of the shock speed. The speed becomes 
infinitely great for an infinite pressure ratio but 
the density ratio approaches a finite value of 
(y+1)/(vy-—1), which is 4 for the monatomic 
gases. 

The Mach number of the flow leaving the 
shock can be derived from the preceding relations 
and is given by 


+ 
1+——(M}*-1) 
y+1 


M?2=— =—___—_. (11) 
2y 

1-+——(M3—1) 
y+1 


Since M, is always greater than one for a shock 
to exist the numerator is always less than the 
denominator and we may conclude that v» is 
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_ Fic. 4. Schematic drawing of the pressure distribution 
in a shock tube before and just after the diaphragm is 
burst. As an aid in visualizing the flow produced, the 


volume occupied by particles originally in the high pres- 
sure end is cross-hatched. 


7H. Liepmann and A. Puckett, Aerodynamics of a 
Compressible Fluid (John Wiley and Sons, Inc., New York, 
1947), p. 40. 
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always less than ad». This property is essential 
to the stability of a shock with respect to slight 
disturbances for it will be able to catch any signal 
that may run ahead and will also be caught by 
any that get behind. 


THE SHOCK TUBE 


To investigate the properties of these shocks 
it is desirable to be able to produce them at will 
in the laboratory. A device for doing this is 
called the shock tube. It consists of a long pipe 
divided into two sections, one of which at the 
time of initiation is at high pressure and so 
propagates a compression into the other which 
rapidly becomes a shock. The high-pressure 
region may be created in several ways. It may 
be built up mechanically behind a diaphragm 
which is broken at the moment of initiation. Or 
a large change in pressure may be induced by 
such means as chemical explosion, electric dis- 
charge or exploding wires. The shock strength 
is controlled by the starting pressure and tem- 
perature ratios. 

Once the shock is formed it moves with 
constant velocity through the medium ahead 
and is followed by a column of gas of uniform 
state traveling with velocity v,;—v:2 relative to 
the laboratory. The pressure distribution before 
and shortly after a cellophane diaphragm is 
punctured is shown in Fig. 4. The flat-topped 
shock will persist until it reaches the end of the 
tube or is caught by the rarefaction which 
sweeps into the high pressure gas and is reflected 
from the back end of the tube. Rather complete 
details on the theory of the shock tube may be 
found in the literature.*-" 

The Princeton shock tube is 4 in. by 18 in. in 
cross section and 38 ft long. Experience has 


8 Bleakney, Weimer, and Fletcher, Rev. Sci. Instr. 20, 
807 (1949). 

9 J. Lukasiewicz, ‘Shock tube theory and applications,”’ 
National Aeronautical Establishment of Canada, Report 
15, 1952. 

10 P, W. Geiger and C. W. Mautz, ‘‘The shock tube as 
an instrument for the investigation of transonic and super- 
sonic flow patterns,’ Engineering Research Institute, 
University of Michigan, 1949. 

11 Glass, Martin, and Patterson, ‘‘A theoretical and ex- 
perimental study of the shock tube,’’ University of Toronto 
Institute, Aerophysics Report 2, 1953. 

12R. K. Lobb, “On the length of a shock tube,’’ Uni- 
versity of Toronto Institute of Aerophysics Report 4, 1950. 
( 13 Resler, Lin, and Kantrowitz, J. Appl. Phys. 22, 878 
1951). 
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(a) 


(b) 


Fic. 5. Shadow picture showing reflection of a shock of Mach number 1.034 from a solid wall. 
The incident shock sets the air in motion. Relative to the point O a given particle follows the path 


shown in the construction on the left. 


shown that the shock has sufficient time to 
become fully formed after traveling about ten 
tube diameters. Shock velocities are measured 
by noting the time of passage between two 
schlieren light screens a known distance apart. 
As the shock passes each screen the beam is 
momentarily deflected into a photocell. The 
pulses from the photocells are fed into an oscillo- 
scope and recorded photographically on a drum 
camera. The pulse from the second light screen 
also actuates an adjustable electronic delay 
circuit which triggers a one microsecond spark. 
Since the shock strength is very accurately re- 
peatable from one shot to the next a series of 
pictures may be obtained showing the develop- 
ment of any event. 

The flow patterns may be observed by inter- 
ferometer, schlieren, or shadow photography. 
Shadow pictures are the easiest to get and give 
the clearest information on the position of 
shocks. For quantitative information an inter- 
ferometer is superior since the shift of fringe 
position is directly proportional to the density 
change in two-dimensional flow. By geometrical 
optics it can be shown that schlieren gives a 


measure of density gradient while shadow is 
sensitive to the second derivative of density. 
As an example the shadow picture in Fig. 5 and 
interferograms in Fig. 6 taken with white and 
monochromatic light show a shock of Mach 
number 1.034 being reflected from an incline. 
Careful measurements reveal that the apparent 
shock thickness in Fig. 5 is a result of the 1-ysec 
spark duration measured with a rotating mirror. 
In a later section we shall see that the actual 
thickness is ~10-5 inch. The small number of 
fringes visible in the white light picture enable 
us to identify fringes on either side of the shock. 
If the shift in fringe position 6 is measured in 
units of the original fringe spacing, the density 
change is given by Eq. (12) where J is the wave- 
length of light, ”, is the index of refraction and 
p. the density of the gas at STP, and 7 is the 
width of the test section, 


—pi=[Ap./](n.—1) }6. (12) 


Since the interferometer and the light screens 
provide two independent methods of measuring 
shock strengths we may make an experimental 
check of the Rankine-Hugoniot relation [Eq. 
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Fic. 6. Interferograms taken with monochromatic and white light of the same shock shown in Fig. 5. The small 
number of fringes visible in the white light picture makes it possible to find the density change across a shock. 


(8) ], or, as some prefer to look at it, a check on 
the accuracy of our measurements. Shock 
pressure ratios for air have been computed from 
interferometer data using Eq. (8) and from 
velocity measurements using Eq. (10) for a large 
number of experiments. In each of nine arbitrary 
intervals between p:/p2=0.95 and 0.15 the 
average values agree to one part in a thousand, 
corresponding to relative accuracies of 0.1 per- 
cent for weak shocks and 0.7 percent for the 
stronger ones. Above this range of shock 
strengths, M > 2.4, the temperature becomes high 
enough to excite appreciable molecular vibra- 
tional motion in O2 and N¢: so that ¥ is no longer 
constant. Solution of the flow equations for such 
cases will be discussed later. 


o 
o 

' 
o 
3 


02 
° 
-02 


Fic. 7. Direct experimental test of the Rankine-Hu- 
goniot relations for argon. The calculated fringe shift 6. 
is obtained by these relations from the shock velocity. The 
difference between the resulting value and that actually 
measured with the interferometer, 5, is plotted as a func- 
tion of shock Mach number. 


Argon, on the other hand, has such a large 
electronic excitation energy that its behavior 
should agree with prediction of the present 
theory up to very high temperatures. Accord- 
ingly, a series of pictures have been taken in 
argon with shock Mach numbers between 2.6 and 
4.3. The large pressure ratio required to gener- 
ate the strongest shocks limits the pressure in the 
channel to about 10 mm-Hg. The corresponding 
fringe shift is slightly less than two so that 
measurements with the interferometer become 
decreasingly sensitive. A meaningful comparison 
of speed and fringe measurements may be made 
by computing the fringe shift we would expect 
from the shock velocity. This has been done for 
fifteen experiments and the results are plotted 
in Fig. 7. Here the fringe shift computed from the 
velocity minus that actually measured is shown 
as a function of Mach number. The average of 
all values is —1/20th fringe and it may be seen 
that no point differs from this average by more 
than 1/15th of a fringe. This is well within our 
estimated error from all causes which we have 
previously taken as 1/10th fringe. So far as we 
know these results in air and argon are the best 
direct experimental verification of the validity 
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of the assumptions made in deriving the Rankine- 
Hugoniot relation. It is, of course, just the result 
we expected to get. 


SHOCK INTERACTIONS 


Probably the simplest problem of shock inter- 
action that one can formulate is that analogous 
to Snell’s law for reflection and refraction. For 
shocks the angle of incidence and reflection will 
in general not be equal because the incident 
shock produces an increase of entropy of the gas 
so that the reflected shock must travel through 
a medium having a different thermodynamic 
state. The problem of reflection on a wall may 
be formulated as follows: For a given shock 
strength and angle of incidence what reflected 
waves will leave the gas flowing parallel to the 
wall? In Fig. 5 the incident shock J strikes the 
wall at an angle a to produce a reflected shock 
R at the angle a’. Consider a coordinate system 
in which the point of intersection O is at rest. 
The change in components of velocity normal 
to the shocks can be found from Eqs. (9) and 
(11), while the tangential components of velocity 
are unaffected. Polachek and Seeger" solved the 
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Fic. 8. Theoretical solution for the reflected shock angle 
a’ as a function of the angle of incidence a and the shock 
strength §=;/p». 


44H. Polachek and R. Seeger, ‘‘Regular reflection of 
shocks in ideal gases,’’ Explosive Research Report No. 13, 
Bureau of Ordnance, U. S. Navy Dept., 1944. 
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Fic. 9. Comparison of theory and experiment for the 
transition between two-shock (regular) reflection and 
three-shock (Mach) reflection. a, is the angle above which 
no two-shock solution exists in Fig. 8, as is the angle of 
incidence for which the outflow from the reflected shock 
becomes sonic, and a is the experimentally observed 
transition angle (upper curve). 


resulting set of equations for a’ subject to the 
condition that the two shocks deflect the flow 
equal amounts but in opposite directions. Their 
results are shown in Fig. 8 for eight shock 
strengths. The parameter ¢ is defined as the ratio 
of pressure ahead of a shock to that behind, 
£=p,/p2, so that £=1 gives the sonic case and 
€=0 corresponds to an infinitely strong shock. 
Two features of these curves are of special note: 
only for sufficiently small values of a, a<a,., do 
any solutions exist and below these extreme 
values two possible reflected waves can occur. 
Of the two, that for smaller a’ gives the weaker 
reflected shock. 

One further limitation is placed on the region 
of two-shock or regular reflection by the rela- 
tions between the curvatures of shocks and 
streamlines where they cross.'® Above a limiting 
angle of incidence the reflected wave,is curved 
throughout its length and difficulties are en- 
countered in meeting the boundary conditions 
at the wall. As a consequence the flow behind 
the intersection must be at least sonic for the 
simple two-shock idea to apply. The angle for 
which the outflowing air becomes sonic with 
respect to O is designated by a, in Fig. 9 where 
it is plotted as a function of & together with the 
extreme angle a-. 


Extensive experiments have been carried out 


18 A. H. Taub, Ann. Math. 58, 501 (1953). 
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Three-Shock Theory 
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Fic. 10. Experimental and theoretical values for the 
reflected shock angle a’, or for Mach reflection w’, as a 
function of the angle of incidence for one strong shock 
strength, ¢=0.15, and one weak shock, § =0.9. The circles 
indicate points where regular reflection is observed and 
the x’s are for Mach reflection. Here, as is usual practice, 
the coordinates are w=a— x and w’=a'+x (see Fig. 12), 
where x is zero for regular reflection. The angle between 
the incident shock and the incoming flow relative to the 
intersection is therefore w. 


by Smith,'® and his measurements show good 
agreement between experiment and the solution 
leading to the weaker reflected shock. Results 
for €=0.15 and 0.9 are shown in Fig. 10. It 
might be mentioned that in steady supersonic 
flow past a wedge the weaker shock is also the one 
commonly observed. No proof of greater sta- 
bility for the weaker wave has been found as yet. 

When the angle of incidence exceeds the value 
for which any regular reflection exists a new 
and quite different pattern is observed experi- 
mentally as shown in Fig. 11.!7 Mach reflection, 


16]. G. Smith, “Photographic investigations of the 
reflection of plane shocks in air,””, OSRD Report No. 6271, 
1945 

17 The interferogram shown in Fig. 11 was obtained 
using a different adjustment of the interferometer from 
that for Fig. 6. In this case the mirrors are set exactly 
parallel to give uniform interference over the entire field 
when no disturbances are present. When the shock arrives 
regions of equal density will change the optical path 
length equally and appear as light and dark fringes. Thus 
the density field is presented directly. This method has 


named for Ernst Mach who first observed the 
effect,!8 shows the incident and reflected shock 
meeting some distance from the wall with a 
third shock extending from the point of inter- 
section to the wall. This third shock will be 
called the Mach stem and the point of inter- 
section the triple point. 

An additional discontinuity extends back from 
the triple point. This is a slipstream separating 
the gas which has passed through the incident 
and reflected shocks from that which has gone 
through the Mach stem. The entropy changes 
are slightly different so that the requirement of 
equal pressures if the streamlines are to be 
parallel gives slightly different particle velocities. 
The magnitudes are such that the gas above 
flows away from the triple point faster than 
that below. 

The use of a symmetrical wedge rather than 
an incline on a plane reduces the disturbing 
effect of the viscous boundary layer at the solid 
surface. Since there is no dimension inherent 
in the configuration it seems reasonable to 
suppose, and experiment bears this out, that 
the pattern grows similar to itself in time. That 
is, the flow is pseudostationary and the three 
independent coordinates x, y, ¢ reduce to two: 


Fic. 11. Mach reflection of a shock from a symmetrical 
wedge. §=0.42. For this picture the interferometer is 
adjusted so that a uniform field exists when no disturbances 
are present. Contours of equal brightness then become 
lines of constant density. 


the disadvantage that the contours cannot be labeled 
without doing additional experiments but will be used 
here frequently because it illustrates features of the flow 
so vividly. 

18 E. Mach, Akad. Wiss. Wien 77, 819 (1878). 
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x/t, y/t. This was first suggested by von 
Neumann.” Even with this reduction in the 
number of variables the mathematical problem 
is so formidable that no general solution for the 
flow field in Mach reflection has been discovered. 
Several proposals have been put forth to treat 
special cases and a representative example will 
be discussed in the following paragraphs. 

If the flow is pseudostationary the triple point 
T travels along a straight line through the corner 
C making some angle x with the surface as in 
Fig. 12. By letting the flow proceed long enough 
any degree of magnification desired of the region 
near the triple point can be obtained. No 
singularities in shock curvature have been ob- 
served in the pictures. This suggests that condi- 
tions are continuous in all of the angular domains 
around T bounded by the four discontinuities, 
and it seems plausible to assume that the shocks 
can be treated as straight as one approaches 
arbitrarily close to T. To an observer riding 
with the triple point the three-shock situation is 
thus similar to the two-shock problem investi- 
gated before. Here the condition of flow parallel 
to the wall is replaced by the requirement that 
the velocities behind the triple point be parallel 
and the pressures equal. von Neumann has 
solved the resulting equations in terms of the 
shock angles w=a—x and w’=a’+x relative to 
the line at angle x. The resulting values of the 
three-shock solution are plotted in Fig. 10 (where 
for regular reflection x=0 and a=w) for §&=0.15 
and 0.9. Agreement with experiment is fair for 
the strong shocks (=0.15) but is poor for the 
weak case. This result is surprising in view of the 
success of the two-shock theory. An additional 
problem is that of understanding the persistence 
of two-shock reflection beyond the theoretical 
limit as illustrated in Fig. 9. The curve ap shows 
the experimental points where x becomes zero, 
representing the transition between Mach and 
regular reflection. In summary, we may say 
that we have a local theory for the angles at the 
intersection which work for regular reflection 
below a, and for Mach reflection above ap for 
strong shocks. Outside this range clearcut dis- 
crepancies exist which still need to be explained. 
19 J. von Neumann “Oblique reflection of shocks,’’ Exptl. 


Res. Rep. No. 12, Bureau of Ordnance U. S. Navy Depart- 
ment, 1943. . 
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Fic. 12. Construction showing how the angle x is 
defined. When the flow is pseudostationary the triple point 
T moves in such a way that x remains constant. 


The only complete solutions of the reflection 
problem discovered so far are restricted either 
to nearly glancing incidence (a=90°) or to 
nearly head on reflection (a=0°). Since experi- 
ments must be made at an angle at least 5° 
different from these limits in order to detect 
anything a problem of interpretation arises 
which can be resolved either by extrapolating 
experimental data to zero angle or by making 
a second-order correction to the theory. Four 
papers**-*3 dealing with solutions of this type 
agree quite well with experiment.**?> One such 
case will be reviewed here. 

Ting and Ludloff® have reported a method 
which they used to find the flow field when an 
incline is struck by a shock strong enough to 
produce supersonic flow relative to the corner. 
(For air this requires that p2/pi be greater than 
5.) The mathematical approach used has been 
explained more fully elsewhere.** White?> has 
compared their results for one shock strength 
with his measurements. Figure 13 shows the 
theoretical and experimental results for a shock 
of strength ¢=0.137. Evidently there is good 
agreement in both the shape of the pattern and 
the quantitative values of the density:contours. 
Such discrepancies as exist can be ascribed to 
the finite angle used in the experiment. 

Knowledge about shock refraction is in a very 


2 V. Bargmann, “On nearly glancing reflection of 
shocks,’’? OSRD, No. 5171, 1945. See also reference 24. 
( a1 ». J. Lighthill, Proc. Roy. Soc. (London) A198, 454 
1949). 
( 2M. J. Lighthill, Proc. Roy. Soc. (London) A200, 554 
1950). 

QL. Ting and H. F. Ludloff, J. Aeronaut. Sci. 18, 143 
(1951). 

% Fletcher, Taub, and Bleakney, Revs. Modern Phys. 
23, 271 (1951). 

25D. R. White, “An experimental survey of the Mach 
reflection of shock waves,”’ Proc. Second Midwestern Con- 
ference on Fluid Mechanics, Ohio State University, 1952. 
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Fic. 13. Comparison of Ting and Ludloff’s solution 
(above) with White’s experimental result (below) for a 
shock of Mach number 2.53 striking a small incline of 
5.4°. The solid lines are contours of constant density. 


much more primitive state than for reflection be- 
cause of the multiplicity of solutions obtained 
theoretically and experimental difficulties in 
forming a suitable interface between two gases. 
Again let us study “regular” refraction first 
where only the possibility of straight shocks is 
considered. In Fig. 14 the line OD represents 
the boundary between the two gases having 
specific heat ratios 71, ys, and velocities of sound 
@;, as. The incident, reflected, and transmitted 
waves are represented by J, T, and R, respec- 
tively. Five quantities are necessary to specify 
a problem completely; the incident shock 
strength £, its angle of incidence a, the ratio of 
sound speeds a;/as, and y; and ¥;. Relative to 
the point of intersection O the boundary condi- 
tions are that the flow direction and pressure 
behind R be the same as behind T. The boundary 
may be deflected to some new direction OB. Solu- 
tions of the resulting equations for several com- 
binations of gases have been obtained by Taub?® 
and by Polachek and Seeger?’ with the aid of 
electronic computers. Polachek and Seeger also 


26 A. H. Taub, Phys. Rev. 72, 51 (1947). 
27H. Polachek and R. Seeger, Phys. Rev. 84, 922 (1951). 
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considered the possibility that the reflection R 
be an expansion fan centered at O rather than 
a shock. 

Several physical limitations must be placed 
on the mathematical solutions in order that the 
results be meaningful. Even when this is done, 
however, more than one choice often remains 
and one must apparently rely on experiment to 
pick the correct branch. A special argument may 
be made for those branches of the solution which 
approach the well verified acoustical version of 
Snell’s law, sina/sina’’=a;/as;, for vanishing 
shock strength and the head-on refraction of 
finite shocks where one-dimensional solutions 
may be found easily. Until experiments are 
carried out, however, such discussions must be 
of a purely speculative nature. 

In addition to the existence of an extreme 
angle a, beyond which no solutions of regular 
refraction exist at all, the following possibilities 
must be considered as a varies; (a) the flow 
velocity normal to the reflected wave must be at 
least sonic, i.e., a is limited by some value which 
we shall denote as a,; (b) a reflected shock may 
vanish and become a reflected rarefaction in- 
stead, the transition occurring at a=a;; (c) for 
the transmitted shock to exist the velocity of 
the point of intersection must be supersonic 
with respect to the lower medium (gas 5), 
limiting a to values less than a;. Extra complica- 
tions will arise if the outflow is not supersonic 
in both media. 

A single example will be included here; that of 
a shock striking an air-methane interface. For 





Fic. 14. Pattern of “regular” refraction at the interface 
OD between two gases. Flow directions relative to point 
O are shown. 
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other cases the reader is referred to the papers 
already cited. For normal incidence (a=0) a 
shock is transmitted through the methane and 
a rarefaction reflected into the air. This occurs 
because the particle velocity behind the shock 
in methane is greater than that of the air passed 
over by the incident shock so the air must 
accelerate to the right in order that no vacuum 
forms at the interface. A rarefaction traveling 
to the left through the air accomplishes just this. 

Theoretical investigation of the limiting angles 
previously enumerated give the data presented 
in Fig. 15 for as, a:, and a; as a function of &. 
For a given £ a reflected rarefaction is predicted 
for all values of a from 0 to a;. At a=a; no re- 
flected wave occurs at all. Between a; and a; the 
reflected wave is a shock and regular three-shock 








Fic. 16. Regular refraction of a shock at an air-methane 
boundary. §=0.86, a=51°. Incident, reflected, and re- 
fracted shocks are visible. In this picture a thin film 
separates the two gases. The film is deflected downward 
















Fic. 15. Limiting angles on the regular refraction of 
shocks at an air-methane interface. For angles of incidence 
less than a; theory predicts that the reflected wave is a 
rarefaction. Between a; and a; a reflected shock should 
occur, and above a; no solution for regular refraction 
exists. In this case the requirement that the flow normal 
to the reflected wave R be supersonic is less severe than 
that given by ai. 





refraction should be observed. The interfero- 
gram shown in Fig. 16 verifies this prediction. 
When a; is reached the outflowing methane be- 
comes subsonic and the regular refraction pattern 
can no longer exist. Slightly beyond a; the trans- 
mitted wave would run ahead and form some 
other pattern. 

No theoretical approach has been made to 
such a situation so far but as may be seen from 
Fig. 17 the flow is quite complicated. At a=76° 
and £=0.86 the transmitted wave is consider- 
ably ahead of the incident wave and a signal 
has been retransmitted from the methane to the 
air. The incident and reflected waves have the 
appearance of Mach reflection except that the 
Mach stem is moving into a nonuniform region. 
In this case of an air-methane interface, the 





by the shocks and a small gap may be seen between the 
film and holder behind the point of intersection. The 
ground plane is visible at the bottom of the picture. 


limitation imposed by a, and a, are not reached. 
For other combinations of gases quite different 
patterns may be observed. 

Diffraction, the third kind of shock interaction 
we shall discuss, bears even less similarity to its 
optical counterpart than do reflection and re- 
fraction because shocks have no wave nature 
(in spite of the common usage in calling them 





Fic. 17. Refraction at an air-methane interface with 
£=0.86, a=76°. Here a is greater than the limiting angle 
a; so that the’ transmitted shock has run ahead of the 
incident shock and retransmitted a compression wave 
into the air. Except for this disturbance the incident and 
reflected shocks are very like a Mach reflection in 
appearance. 



















































































Fic. 18. Two stages in the diffraction of a shock over a 
rectangular block. The eddies formed behind each corner 
are regions of very low pressure. In the second picture 
the incident shock has reflected from the ground behind 
the block, entered the second eddy, been spun around 
clockwise, and come out as a nearly cylindrical shock. 


shock waves) and therefore exhibit little of the 
phenomena of wave interference. Shock diffrac- 
tion is important from the practical viewpoint 
these days for the engineer faced with the 
problem of the design of blast resistant struc- 
tures. Not only is a structure suddenly immersed 
in an atmosphere of increased pressure when 
struck by a large blast wave but the shock front 
at the leading edge of the oncoming disturbance 
is diffracted about the object in a complicated 
manner setting up cross currents and eddies 
which profoundly affect the load distribution 
on the structure. Figure 18 shows two stages in 
the diffraction of a shock over a two-dimensional 
block in the shock tube. In the first picture the 
incident shock may be seen crossing the top of 
the block. A reflected shock travels to the left 
to inform the oncoming stream of the object’s 
presence. An eddy forms behind the corner and 
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is gradually swept downstream as it increases 
in size. The second shot shows how the incident 
wave reflects from the plane and is caught up in 
the eddy behind the block. Since a large clockwise 
circulation exists there the shock is spun around 
and emerges as a cylindrical shock. The inter- 
ferogram may be evaluated in terms of the 
density and from these data the pressure can be 
calculated everywhere with considerable ac- 
curacy.”*® The pressures at the surface of the 
block give, of course, the force distribution 
(neglecting viscous effects) over the entire ob- 
stacle at this particular time. A series of such 
pictures allows the loads to be determined as a 
function of time. As the transient effects dis- 
appear one would expect the pressure loading 
on the block to approach that observed in wind 
tunnels. This is indeed the case. 

Several other examples of diffraction are 
shown in Figs. 19, 20, and 21. There is no 
adequate theory for such phenomena. A con- 
siderable amount of experimental data has 
therefore been collected giving information about 
the pressure loading on a wide variety of 
objects.?*:9 

Space does not permit a discussion of all shock- 
wave interaction phenomena. For instance a con- 
siderable amount of work has been done on one- 
































Fic. 19. Early stages in the filling of a hollow block 
after it has been struck by a shock. The net force on the 
top of the block is downward; later an upward force is 
observed when the shock inside reflects from the back wall. 


28 Bleakney, White, and Griffith, J. Appl. Mech. 17, 439 
(1950). 

29 W. Bleakney, ‘“‘A shock tube investigation of the blast 
loading of structures,’’ Proceedings of the Symposium on 
Earthquake and Blast Effects on Structures, University 
of California, Los Angeles, p. 46, 1952. 






SHOCK WAVES IN GASES 


dimensional interactions." Here theory and ex- 
periment are in good accord. 


SHOCK STRUCTURE 


A further goal in fluid dynamics is to under- 
stand the mechanisms that determine the thick- 
ness and structure of a shock. One might ask, for 
instance, whether the equations of a continuous 
fluid apply or not. If they do then viscosity and 
heat conduction are certainly important in the 
theory of shock structure because velocity and 
temperature gradients must be very high within 
the shock. The conservation equations for one- 
dimensional steady flow assume the form 


(d/dx)pv=0, (13) 


(14) 


d ve d dT 2p dv\? dw 
pif SE OS ON 
dx 2 dx dx 3 dx dx? 


where y» and « are the coefficients of viscosity 
and thermal conductivity, respectively. Becker® 
first succeeded in solving the equations but made 
the assumption that these two coefficients are 
constant. Thomas* pointed out that Becker’s 
result must be incorrect for strong shocks where 
the dependence of » and « on temperature is im- 


Fic. 20. Diffraction past a thin plate mounted perpen- 
dicular to the direction of shock travel. In this experiment 
one end of the plate was ground to a sharp edge to see 
what change this would make in the pattern. Very little 
effect can be seen. 


*® R. Becker, Z. Physik 8, 321 (1923). 
LL. H. Thomas, J. Chem. Phys. 12, 449 (1944). See 


also A. E. Puckett and H. J. Stewart, Quart. Appl. Math. 
7, 457 (1950). 


Fic. 21. A weak shock passing over an airfoil at a small 
angle of attack. The shock below the wing arrived at the 
rear first. Thus the diffracted part above the tail and the 
rarefaction which started downward simultaneously are 
a bit ahead of the rarefaction and shock, respectively, 
formed when the shock above the wing arrived at the 
rear. A small vortex may be seen a short distance behind 
the trailing edge. 


portant. Using the kinetic theory result that 
both » and x vary as »/T, Thomas obtained shock 
thicknesses considerably greater than those from 
the Becker theory. Nevertheless, since the values 
found are only a few mean free paths for shocks 
faster than M~1.2, continuous fluid theory may 
not give as satisfactory an interpretation as the 
kinetic theory of gases. 

Two rather distinct lines of approach have 
been taken in applying the kinetic theory to 
shocks. In one, successive approximations to a 
Maxwell-Boltzmann distribution 


fo(vz, Vy, V2) = (m/2akT)! 
Xexp[—m(v2+0,2+02)/2kT] (16) 


of molecular velocities are made by taking into 
account the effect of nonuniform conditions along 
the x direction.” 


f=fotfitfet:::. (17) 


Each term is assumed to be a function only of 
those preceding it. 


fi=filfo), fo=fe(fo, fi), 
fs=fa(fo, fi, fe),*° 


Equations (13)—(15) may be derived by retaining 
only fo+/fi. Thus a calculation using only the 


® For a discussion of this method see S. Chapman and 
T. G. Cowling, The Mathematical Theory of Non-Uniform 
Gases — University Press, Cambridge, 1939), 
Chap. 7 
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first-order terms would give just the Thomas 
theory again. Further terms from the expansion 
presumably improve the theory provided the 
solution converges rapidly enough to justify the 
assumption that the molecular velocity distribu- 
tion may be obtained from Eq. (17) at all. Zoller* 
has carried out calculations to the third order 
on the variation of properties through shocks of 
pressure ratio p2/p,;=1.5, 4, and 6.5. For the 
strongest shock p2/p,=6.5, the third-order terms 
are comparable in size to the first and second so 
that the accuracy of this solution is still in 
question. For p2/p; <4 Zoller’s results appear to 
be satisfactory. 

Since shocks appear to get thinner with in- 
creasing Mach number Mott-Smith* has made 
the interesting suggestion that the velocity dis- 
tribution may be composed of a mixture of two 
Maxwellian distributions corresponding to uni- 
form conditions on the high- and low-temperature 
sides of the shock. Appreciable numbers of mole- 
cules from these two populations penetrate to 
the center of the shock. The structure itself is 
found by solving Boltzmann’s equation® for the 
transport of kinetic energy across the shock. 

A comparison of the various theories may be 
made by giving the shock thickness L as a func- 
tion of Mach number. The quantity ZL is defined 
by the construction in the insert in Fig. 22 where 
it is seen to be the distance between intercepts 
of a tangent drawn at the steepest point of the 
shock profile. Very little difference exists in the 
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Fic. 22. Shock thickness L as a function of Mach 
number M. d is Maxwell’s mean free path. The circles 
are experimental points for argon obtained by Greene 
and Hornig. L is defined in the inset. 


% K. Zoller, Z. Physik, 130, 1 (1951). 
44H. M. Mott-Smith, Phys. Rev. 82, 885 (1951). 
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shape of this profile in the various theories so no 
attempt is made to distinguish among them in 
comparing thicknesses. The parameter chosen 
as ordinate in Fig. 22 is Maxwell’s mean free 
path \ in the gas ahead of the shock divided by 
shock thickness L. 

Owing to the extreme thinness of shocks only 
a little experimental data can be reported so far. 
Cowan and Hornig*® have devised a method of 
measurement based on the reflectivity of a shock 
front. The amount of light reflected depends on 
the wavelength of the light, its angle of incidence, 
the index of refraction of the gas, the shock 
thickness, and its density profile. Measurements 
have been made in argon and nitrogen up to 
M =2.** The experimental points for argon are 
plotted on Fig. 22. Apparently the Mott-Smith 
and Zoller theories come closest to 
experiments. 

When molecules have rotational and vibra- 
tional energy as well, the picture becomes more 
complicated for, as has been known for a long 
time, exchange of kinetic energy with internal 
degrees of freedom takes place rather slowly. 
In nitrogen, for example, the average number of 
collisions to attain rotational equilibrium is 
slightly larger than the number in a weak shock 
front so that the foregoing theories are not 
directly applicable. In carbon dioxide at STP 
about twenty collisions are required on the 
average to exchange rotational quanta while 
80000 are needed for vibration. One might 
assume in this case that the shock consists of a 
narrow zone in which translation and rotation 
reach equilibrium followed by a region where 
vibrational energy comes slowly into adjustment. 

Since the approach to vibrational equilibrium 
in carbon dioxide is spread out over such a large 
number of collisions it is possible to observe 
this lag with the interferometric techniques 
already described. Figure 23 shows a shock of 
Mach number 1.134 traveling through CQOz: at 
200 mm Hg pressure and 23.5°C. An initial jump 
in density across the shock front is followed by a 


these 


35 G. R. Cowan and D. F. Hornig, J. Chem. Phys. 18, 
1008 (1950). 

% EF. F. Greene and D. F. Hornig, ‘““The shape and thick- 
ness of shock fronts in argon, hydrogen, nitrogen, and 
oxygen,’”” ONR Contract N7onr-358, Tech. Rep. No. 4, 
Brown University, 1952. 


SHOCK WAVES 


_ Fic. 23. A shock of Mach number 1.134 in COe. The 
region where vibrational energy gradually approaches 
equilibrium may be clearly seen. The two vertical hairlines 
are 1 in. apart. Data are given in Table II. 


region of adjustment in which the density asymp- 
totically approaches a final equilibrium value. 
Bether and Teller*’ have given a theoretical 
treatment which may be used to interpret these 
effects. Conditions at state 2, immediately 
behind the shock front, may be found from Eqs. 
(4), (9), (10) with the assumption that only the 
vibrational energy remains unchanged in crossing 
the shock front. At 23.5°C, the specific heat at 
constant volume for CO, is divided among the 
various degrees of freedom as follows: (3/2)R in 
translation, R in rotation (CO: is a linear sym- 
metric molecule), and 0.95R in vibration. The 
appropriate specific heat ratio y for calculating 
conditions at state 2 is therefore 1.4 and the 
effective Mach number is equal to the shock 
speed divided by the velocity of sound computed 
not counting the vibrational contribution to 
specific heat. The final equilibrium state 3 is 
found from Eqs. (5)—(7) taking into account the 
temperature dependence of enthalpy. Table II 
gives the values of pressure ratio, temperature, 
density ratio, and velocity in the three regions 
of Fig. 23. In their paper Bethe and Teller show 
that the values of velocity, density, etc., on the 
high-pressure side of the shock are uniquely 
determined by the initial conditions on the low- 
pressure side of the shock without reference to 
any of the intervening processes. It follows that 
the only effect of lagging heat capacity on a plane 
37 H. A. Bethe and E. Teller, “Deviations from thermal 


equilibrium in shock waves,” Reissued by University of 
Michigan, Engineering Research Institute, Ann Arbor, 
1951. 
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steady shock is to increase its thickness and not 
to alter the final state of the gas. 

If one assumes that the vibrational state may 
be characterized by a temperature T,j, then the 


approach to equilibrium is governed by the 
relation 


devin T vin/dt = (Cvin(T —Tyin)/7), (18) 


where ¢yj, is the vibrational specific heat and + 
is the relaxation time. After a time 7 the tem- 
perature difference would diminish to 1/e, or 
0.368, of its initial value in a case where the 
temperature change was small so that 7 and 
Cvib remained constant. A fair estimate of r may 
be made from Fig. 23 by measuring the distance 
d to the point where a given fringe has ap- 
proached to within 1/e of its final position. The 
relaxation time is t=d/v2=11 usec. We have 
neglected the changing velocity and temperature 
as the gas flows away from the shock front and 
have assumed that the density also decays ex- 
ponentially. Correcting for these factors makes 
only a small change in 7. Actually the CO: con- 
tains some impurities which, if eliminated, 
would make the relaxation time even longer. 
Some experiments have been made on very 
strong shocks where a considerable fraction of 
the molecules receive enough energy to produce 
dissociation, electronic excitation, and ionization. 
A shock of Mach number 5 in argon, for example, 
is luminous over a region somewhat less than 
100 mean free paths.'* Other interesting effects 
have been observed with cylindrically converging 
shocks**® and shocks produced in gaseous dis- 
charge tubes.* Since the energy of a converging 
shock is distributed among a continually decreas- 
ing number of particles, the possibility arises of 
producing exceedingly high temperatures. Esti- 


TABLE II. Gas properties for the shock in carbon dioxide 
shown in Fig. 23. Region 1 is ahead of the shock, 2 im- 
mediately behind the shock front, and 3 far enough away 
for complete equilibrium to exist. 








Region 1 
Temperature "*— 23:5 
Pressure ratio p/pr 1 
Density ratio p/p1 1 
ft/sec 1014 


Flow velocity 883 


38 R. W. Perry and A. Kantrowitz, J. Appl. Phys. 22, 
878 (1951). 


9 Fowler, Goldstein, and Clotfelter, Phys. Rev. 82, 
879 (1951). 
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Fic. 24. Sketch of the pressure distribution 1.5 sec after 
the explosion of an atomic bomb. Atmospheric disturbances 
and the uneven ground greatly modify this idealized 
pattern at large distances. 


mates of the temperature produced in this way 
have ranged well over 20000°K. Luminous 
shocks have been produced in a tube by dis- 
charging a large condenser across it,®® and 
spectral analysis of the light produced showed 
that He*+*, N**, and N*** were present in the 
shock. Other measurements indicate that the 
duration of emission is not longer than one or 
two ywsec. Many aspects of these phenomena 
have not been explained. 


DECAY OF SHOCKS 


In previous discussions of plane shocks in 
tubes we have assumed that immediately behind 
the front the flow variables were constant and 
the shock proceeded without attenuation. When 
the rarefaction reflected from the end of the 
chamber catches up with the shock this state of 
affairs is no longer true and the shock is rapidly 
attenuated. Even before this happens one cannot 
neglect completely the growth of boundary 
layers on the walls and the development of resis- 
tance to the flow which serves to slowly weaken 
the incident shock.*® The effect decreases with 
increasing tube diameter. 

The shock wave generated by an explosion or 
other concentrated source in a homogeneous 
atmosphere expands in three dimensions and 
decays very rapidly because of the ever greater 
area of its surface and the irreversible processes 
involved. The hot gases over expand creating a 


40 


R. J. Emrich and C. W. Curtis, J. Appl. Phys. 24, 


360 (1953). 
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Concerning new discoveries and theories, Thomas Young says, ‘‘The discovery of simple and 





rarefaction which eats away the shock from 
behind giving it the peaked character commonly 
observed.*! Figure 24 is a sketch of the state of 
affairs 1.5 seconds after the explosion of an 
atomic bomb of the “‘Able” type.“ At a distance 
of 3000 feet the shock creates a pressure rise of 
8 psi. Two miles from the center the shock has 
dropped to 1 psi and looking at the tail of the 
rarefaction in this figure one observes that the 
wave ends with a rise in pressure and this part is 
propagated into the region of the trough where 
the velocity of sound is lower. Evidently these 
are the qualitative conditions required for shock 
formation and, indeed, for weak shocks of short 
duration” a stable wave form has been observed 
consisting of a rise in pressure through a shock 
followed by a linear fall to an equal pressure 
below atmospheric and ending in a shock return- 
ing the pressure to atmospheric again. These “‘V”’ 
waves are a logical result of the discussion of 
Fig. 1 for increased amplitudes. They are not 
observed, however, for very large explosions 
presumably because, at the great distances one 
must go from the source before the amplitude can 
be called small, the durations become very long 
and the slope of the pressure-distance curve 
is below the value necessary for rapid shock 
growth. As a matter of practice in the field, the 
classical shape indicated in Fig. 24 is never ob- 
served for weak blast waves at great distances 
since the atmosphere is far from uniform and the 
earth is not an ideal boundary. From thirty to 
several hundred miles the refractive effects of 
temperature gradients and wind currents lead 
to interfering effects from multiple paths which 
result in widely distorted sound waves of large 
amplitudes* but low fundamental frequencies 


of the order of one fifth cycle per second. 


41U. S. Atomic Energy Commission, The Effects of 
Alomic Weapons (McGraw-Hill Book Company, Inc., 
New York 1950). 

4 DuMond, Cohen, Panofsky, and Deeds, J. Acoust. Soc. 
Am. 18, 97 (1946). 
48 E. F. Cox, J. Acoust. Soc. Am. 19, 832 (1947). 


uniform principles, by which a great number of apparently heterogeneous phenomena are reduced 
to coherent and universal laws, must ever be allowed to be of considerable importance toward the 
improvement of the human intellect.”—Thomas Young, Natural Philosopher by ALEX Woop 


(Cambridge University Press, 1954). 


The above may be an example of Thomas Young's verbose and heavy prose by which he 


failed to be a clear lecturer.—Eb. 
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Perturbation theory is derived in such a way that the wave function renormalization terms 


appear automatically. The derivation is based on the Feynman theorem for the rate of change 
of an eigenvalue with respect to a parameter, and a corresponding theorem for the rate of change 


of an eigenfunction. 


I. A DERIVATION OF PERTURBATION THEORY 


BY means of perturbation theory one finds 

the eigenfunctions ¥;(A) and the eigenvalues 
E;(X) of a Hamiltonian H(A) as a power series 
in A, where \ is a parameter. The form of these 
series is, of couse, well known, and their deriva- 
tion is an integral part of any course in quantum 
mechanics. However the usual derivations have 
the annoying feature, to this author at least, that 
in each order in \ the term in the expansion of 
¥;(A) which is proportional to ¥;(0) (the wave 
function renormalization term) requires special 
treatment. 

In this article we present a derivation of per- 
turbation theory in which no such special treat- 
ment is necessary. The method is based on the 
following two equations which are true for all 
values of dA: 


GE ;/ d= (Wj,0H/ Any), 
OV 3/O¥= Ds ¥iYndH/ONV))/(Es— Es). 


(1) 
(2) 


For \=0 these are just the usual equations of 
first-order perturbation theory, however, as we 
said, they are in fact true for all values of X. 
A derivation of these equations will be given in 
Sec. II. We may remark here that Eq. (1) for 
arbitrary is sometimes called ‘‘Feynman’s 
theorem”’ and deserves mention on its own merits 
in a course in quantum mechanics because of the 
many applications which have been made of it.! 

As an example of how Eqs. (1) and (2) allow 

* Present address: The Brace Laboratory of Physics, 
The University of Nebraska, ag eS Nebraska. 

1A partial list of references is: J. H. Van Vleck, Phys. 
Rev. 31, 587 (1928); R. P. Feynman, Phys. Rev. 56, 340 
(1939); V. F. Weisskopf, Phys. Rev. 56, 72 (1939) ; 
A. Pais and S. T. Epstein, Revs. Modern Phys. 21, 445 


(1949); J. K. Bragg and S. Golden, Phys. Rev. 75, 735 
(1949); T. ~. Berlin, |. Chem. Phys. 19, 208 (1951); . he. 


Foldy, Phys. Rev. 83, 397 (1951); S. T. Epstein, —_ 
Theoret. Phys. (Japan) 6, 441 (1951). 
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one to derive the formulas of higher-order per- 
turbation theory in a completely automatic 
fashion, let us work out the second-order formu- 
las. For this we must compute 6°£;/d)? and 
d*y;/Od*. Turning first to 0?E;/d\? we have, by 
differentiating Eq. (1) and using primes to indi- 
cate differentiation with respect to 


Ej" = (oi, AV) + 0s bi) + WiH'Y;). 


If we now substitute from Eq. (2) and introduce 
the notation w;;=E£;—E,; and h;;=(p;,H’y;) then 
we find 


hjh ij 





i 


+ (YY), (3) 


Wii 

which, for \=0, is just the usual second-order 
result. To compute y;’’ we first differentiate 
Eq. (2) to obtain 








(Wi, H'p;) 
= ve —_———— : 
kAj Wik 
(v.’ ,H’p;) (Wis H'y;') 
+int + bate 
ixj ji ixj @ ji 
(Wi,H’p;) 
~hate 48-8) 
oe (Wall"V;) 
+E 


ji 
which becomes, on substitution from Eqs. (1) 


and (2) 


=Le Li eon +i dey 


KAZ t7AR = WEIW ik iAj kAi 


— 





"weno gi 
hishis 


“(wo3)? 


(vi, H’'p;) 
+23 ——. 


Aj 


hixh kj 


ee 


Wj ik 


+2: Des ‘-—— 


iAj kAi 


hjjh jj 


mr di — 
(w;i)? 


(4) 


Wi 
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Finally, by a little obvious rearranging of the 
first two sums and the use of the identity 
(wri jx)? + (win ji)! = (@jx05:)!, Eq. (4) can 
be put into the standard second-order form in- 
cluding the renormalization term (which arises 
from the first sum), namely 








. hjxhxj 
Wi" = sD 
k#i (w%;)? 
belts hijhj; 
+2 >: ~ a 234 Vi - 
AT KAT = WjiWjk -" (w;:)? 
(Wi,T’p;) 
+2: Fg ene, 
ixj W5i 


Il. DERIVATION OF EQUATIONS (1) AND (2) 


Clearly one derives Eqs. (1) and (2) by calcu- 
lating the first-order changes in y; and E; 
brought about by changing A to A+é6A. As a 
variation on the usual first-order perturbation 
theory technique [the only change in the stand- 
ard treatment would be to replace y,;(0) by 
¥;(A) everywhere] we will proceed as follows.? 


We start from £,6;;=(¥:,Hy,;) and differentiate 
to find 
Ej'6i5= (Wi Ab) + (Wis) + Wi ’V,), 


which, using the hermiticity of H and the equa- 
tions Hy;=Ew; and Hy;=E 


Ej'5i5= 


i¥;, becomes 
Ej (bi WN +E (ids) + Vi Ay;). 


But we also have 
(W.’ Wi) + (Wiw;’) = (WiW,)’ — 5; ;' = 0, (5) 


2 Essentially the same derivation is given, for example, 
by Pauli in his Die Allgemeinen Prinzipien der Wellen- 
mechanik (J. W. Edwards, Ann Arbor) on page 162 as 
part of his discussion of adiabatic and sudden processes. 
We reproduce the proof here for completeness. 
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sO we can write 


E;'6;;= (E; —E;) (Wiw;’) + (vi,H'y; ;). 


This is our fundamental equation. For 7= 7 it is 
just Eq. (1), while for i+ j we find 


(Wi;’) = (¥i,H'y;)/(E;—E,), 


which would be equivalent to Eq. (2) if (¥;,¥,’), 
which we shall denote by a;, were equal to zero. 
We shall now complete the derivation of Eqs. (1) 
and (2) by showing that one, in fact, can choose 
a;=0.3 To do this we remark first of all that from 
(5) we have a;+a;*=0, i.e., aj is pure 
imaginary. We will now show that the value of 
a; is physically irrelevant, and that in particular 
may be taken equal to zero, by showing that 
one can change the value of a; by changing the 
phase of y; by arbitrary constant amounts. To 
see this write y;=e'*4);, where ¢; is a real func- 
tion which depends only on X and hence is 
physically irrelevant. A short calculation now 
shows that 
aj;=1;' +B; 
where 6;= (¥;,¥,’). Note that this is a consistent 
equation since both a; and 8; are purely im- 
aginary and functions only of A. Thus we see that 
for a given ~; we may, by varying ¢;, give a; 
any value we want, and, in particular, the value 
zero. As a special case of the physical irrelevance 
of a; we may remark that had we not chosen 
a;=0, then instead of Eq. (3) we would have 


Ej!" = (3)+ (ajt+a;*) (;,H’'p,) ; 


but we have seen that a;+a;*=0, so that the 
energy is unaffected by the value of a;. 


3 It is true that the evaluation of a; requires a special 
treatment. However, it is a final treatment. Once we find 
the value of a;, then the rest of perturbation theory fol- 
lows automatically. One does not meet a new problem in 
each order. 


Laboratories; ‘‘The Control of Industrial Operations,” 
Professor Herbert A. Simon, Carnegie Institute of Tech- 
nology; ‘‘Probability Theory in Liability and Property 
Insurance,” Mr. C. W. Crouse, Actuary, Preslan and 
Company. Further information can be obtained from 
H. W. Kuhn, Dalton Hall, Bryn Mawr College, Bryn 
Mawr, Pennsylvania. 
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Ordinarily, the Jacobi formulation of classical mechanics describes a system by giving the 
in “configuration space,” 


the path being a geodesic if a metric is 


suitably defined. Nothing is said, however, about the motion in time. 

It is suggested here that, by adding a degree of freedom in uniform motion to serve as a 
clock, and identifying the time with the coordinate of that degree of freedom, the configuration 
space can be extended to a space-time, in which the motion is completely described, both in 
space and in time, as being along a geodesic. Also, by this representation, the idea of ‘‘absolute 


time’’ is made unnecessary. 


A representation such as this is, of course, normal in relativistic theory, but its use here in 


HE Jacobi form of the principle of least 
action is ordinarily used to express the 
motion of a system by giving a curve in the 
“configuration space’ of the system such that 
successive configurations of the system are repre- 
sented by successive points on the curve.!? 
With a proper choice of metric, this curve be- 
comes a geodesic in the configuration space. 
This representation, however, gives no informa- 
tion about the motion in time. While it would be 
interesting to have a “‘configuration space-time”’ 
with a suitable metric, such that the motion of 
the system would be along a geodesic in this 
space time, this is ordinarily accomplished only 
approximately or not at all in classical me- 
chanics.’ 

This discussion proposes that the desired 
space-time representation can be obtained by 
including a suitable ‘‘clock”’ as part of the system. 
The clock might be, say, a sphere rotating uni- 
formly about an axis. This sphere has then a 
degree of freedom represented by @, its angular 
position. The view will be taken that ‘‘the time’”’ 
is merely a quantity proportional to 6. Since 6 
gives the system an extra degree of freedom, 
this degree of freedom can be applied in the 
Jacobi theory, and then interpreted as time. 

The principle of least action may be expressed 


1H. Goldstein, Classical Mechanics (Addison-Wesley, 
Cambridge, 1950), Sec. 7-5. 

?L. Brillouin, Les Tenseurs en Mécanique et en pent 
(Masson et Cie, Paris, 1949), Chap. 8, Secs. 5 and 6 

3 See reference 2, Sec. 7. 


nonrelativistic mechanics is believed to have some novelty. 





in the form that 


5 f do =, 


i.e., that the integral is an extremum, for the 
actual path. Here do is an “element of arc,” 
given by 


(1) 


(2) 


the qg’s being the coordinates; E the total energy; 
V(q) the potential energy, a function of some or 
all of the q’s; and m,;; the elements of the metric 
tensor, being such that the kinetic energy T 
is given by 


dgi\ sd 
ranma) Gy): 


Here the coordinate 6, proportional to time, will 
just be considered along with the others. In fact, 
by supposing that the sphere used as a clock 
makes 1/(27) revolutions per second, @ can be set 
equal to time. Thus the actual motion is de- 
scribed in time. 

For a first example, consider the motion of a 
small sphere, of mass m, acted on by no forces, 
and acting as its own clock by revolving about 
an axis at 1/(27) revolutions per second. The co- 
ordinates will be written 


(do)?= 2) DL {E—V@)}misdqidg;, 





(3) 


gi=xX, Q2=), 


g3a=2, ga=O | 
M11 =M22=M33=Mm-My=T 


also 


(4) 
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and all other m’s are zero. The moment of inertia 
of the sphere about its axis is J. 
Then Eq. (1) gives 














6 f Lot (ax)?-+ (ay)? + s)*} +10) P=0. (S) 








To make an integral 














f $(x,y,2,0,dx,dy,dz,d@) (any function) 








an extremum, the solution is‘ 


ao ao 
—- ij == () (6) 
Ox 0 (dx) 


























and similarly for the other variables. When this 
is applied to Eq. (5) one finds 

















mdx 
| oo =0, (7) 
[m { (dx)?+ (dy)?+ (dz)?} +-I (de)? } 











Then from Eq. (6) 









































Equations (10) and (11) give 


mrdy ke ' 
—=constant, (13) 
I dé kz 














which is just Kepler’s second law. Equations (10) 


4F.S. Woods, Advanced Calculus (Ginn and Company, 
New York, 1934), Chap. 14, Sec. 129. 
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KE, 


dx 
[im { (dx)?-+ (dy)?-+ (de)*} +1(d0)*} 
=constant 


and similarly for the other variables. Thus this 
result amounts to 


dx:dy:dz:d0=k;:ko:k3:ka, (8) 


the k’s being constants; i.e., motion is in a 
straight line, and uniform in time. 

As a second example, consider the motion of a 
sphere in a central inverse-square force field, 
the sphere being of mass m and moment of 
inertia about its axis J. Besides the 6 coordinate, 
the radial and angular position coordinates r and 
y will determine the configuration. Again, by 
having the sphere make 1/(27) revolutions per 
second, @ will eventually be identified with the 
time. Then, qi1=7, g2=¥, 93 =9, Mu1=M, Mo2= mr’, 
m33=T; the other m’s are zero. V(q) = —a/r, and 
E may be negative. Then Eq. (1) becomes 


é f [{a/r—E} {m(dr)?-+- mr? (dp)?-+ I (d0)?} =. (9) 


(a/r —E)mr'dy 
fo A dao, (10) 
[(a/r—E} {m (dr)?-+- mr? (ap)?-+1(d8)"} 
or 
(a/r—E)mr-dy 
sccsetinnaniin aataadiinstatnnahemsiise iain ainda iit. 
[la/r—E} (mrt? 
(a/r —E)Id@ ‘. a1) 
$$$ —___________ =constant = hy, 
; [(a/r—E} (m(r+mr(ayyr +d}? 
anc 
—a/2r*{m(dr)?+mr* (dy)?+I (d0)?} + {a/r —E} mr (dp)? 
[(a/r—E} {m (dr)?-+-mr?(dy)?-+ 1 (d0)? 
-4 (a/r —E)mdr |- (12) 
[{a/r—E} {m(dr*) +-mr*(ap)?-+1(d0)?} } 


and (12) give 

k *d kod d fk 
ren tre --a|—(=)| (14) 
r 2r ke r? dy dy\r 


ko ko am 2 
-(-)+ +—-—= (15) 
dy? Yr Qke 





ar 






















and a solution is 
2k? 


Fe eenmepesingieemntnicereineeatn (16) 
am+2Ak, cos(y —yo) 


A and yo being constants of integration. Equa- 
tion (16) is just the equation of a conic, which is 
the orbit of the moving body. Thus a complete 
description of the motion can be obtained from 
Eq. (9) along with the initial conditions, and it 
is expressed by Eqs. (13) and (16). 

These examples demonstrate how, by using 
uniform motion of an actual body as a ‘‘clock,”’ 
the motion of a mechanical system may be 
described as proceeding along a geodesic in a 
configuration space-time with a suitable metric. 


APPENDIX 


The introduction of an “‘ignorable coordinate” 
(@ in the examples), proportional to time, could 
also be considered as providing a short cut 
between the principles of least action and Hamil- 
ton’s principle. Equations (1), (2), and (3) state 
the principle of least action as 


8[L1E-V@} DE mudgdasP=0. (17) 


The coordinate @ is included among the q’s; 
let it be ga. Since there is no interaction between 
6 and the other coordinates, Eq. (17) may be 
written 


6) L{E—V(q)} {mot L LX (dgi/de) 


ix~a jAxa 


X (dq;/d8)} }'do=0, 


(18) 


University faculty members are invited to apply for 
places in the Oak Ridge Research Participation Program 
carried out by Oak Ridge National Laboratory and the 
Oak Ridge Institute of Nuclear Studies. Through this 
program, faculty members may conduct research in 
Oak Ridge for periods of three months to a year. 

Oak Ridge National Laboratory is the principal center 
of research, although limited opportunities for participation 
also exist at the University of Tennessee-Atomic Energy 
Commission Agricultural Research Program and the 
Medical and Special Training Divisions of the Institute. 
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where qq is the m parameter of the clock intro- 
duced into the discussion ; in the examples it has 
been J, the moment of inertia of the sphere. 
The above amounts to: 


5 f ((E—V)T}\d0=0 (19) 


and the Euler-Lagrange equations for this ex- 
tremum problem are 


—\-{ oT oT 


T \t0av 
+ _—| —=0 
E-V 0g: 





(20) 


for every 7. Since E—V=T, and V does not 
involve dg/dé@, this is just 


d a(T—V) a(T-V) 


ii etna ienaacniigll, 


(21) 
d0 3(dq;/d0) aq: 

for every 7. Since @ is identified with time, these 
are just Lagrange’s equations. It is interesting 
that maa has disappeared completely. Equation 
(21) is the Euler-Lagrange equation for the 
extremum problem: 


5 f (T—V)dt=0, (22) 


i.e., for Hamilton’s principle, which is thus ob- 
tained from the principle of least action. 





Oak Ridge National Laboratory offers opportunities for 
fundamental and applied research in physics, chemistry, 
metallurgy, biology, mathematics, and engineering, with a 
number of nuclear reactors and particle accelerators as the 
principal research instruments. 

Application should be made six months in advance of the 
time when the applicant would expect to begin his Oak 
Ridge research. Application forms and additional informa- 
tion may be obtained from the University Relations 
Division, Oak Ridge Institute of Nuclear Studies, P.O. 
Box 117, Oak Ridge, Tennessee. 








Phase, Group, and Signal Velocity 


J. WEBER 
U. S. Naval Ordnance Laboratory, Silver Spring, Maryland, and University of Maryland, College Park, Maryland 
(Received March 8, 1954) 


Phase, group, and signal velocity are defined. Simple examples are given in which the phase 
and group velocities exceed the velocity of light, in which the phase velocity is a function of 
distance, and in which the group velocity is equal to the signal velocity. 


INTRODUCTION 


HE phase velocity associated with wave 
phenomena is the velocity which an ob- 
server at any point would need in order to detect 
no changes of phase in an advancing sinusoidal 
wave. In this discussion we consider only the 
propagation of light. It is well known that in 
many instances the phase velocity exceeds the 
velocity of light in free space. According to 
relativity, it is not possible to send signals with 
a velocity faster than the velocity of light be- 
cause signaling requires transmission of energy, 
and this cannot occur with a speed greater than 
that of light. For some purposes it is convenient 
to introduce a quantity called the group velocity. 
The group velocity is the velocity which an 
observer would need in order to detect no change 
in the amplitude of an amplitude-modulated 
wave. The quantity which determines the actual 
speed of signaling is called the signal velocity. 
This discussion is intended to clarify the mean- 
ings of these three quantities by means of some 
very simple examples. This problem was dis- 
cussed by Brillouin! and by Sommerfeld.? Their 
treatment is thorough and suitable for advanced 
students. Very few elementary discussions are 
available. 


EXAMPLES 


First we consider the phase velocity. If the 
wavelength is known to be X\ and the frequency 
is vy, then » waves pass an observer each second, 
and if the observer moves with the waves with 
velocity v,=vA, he will stay with a particular 
wave and see no change in phase. The phase 
velocity is, therefore, ordinarily equal to vA. 
Consider the following example. An observer is 

1L. Brillouin, Congres International d’Electricite, Vol. 


II, 17* Sec., Paris, 1932. 
2 A. Sommerfeld, Ann. Physik 44, 177-202 (1914). 


confined to a long straight trench (see Fig. 1). 
Electromagnetic radiation is incident on the 
trench from the direction shown. Successive 
wave fronts are drawn. If the observer measures 
the wavelength, he does so along the direction of 
the trench. His measured wavelength is \’=00’. 
If \ is the free-space wavelength, the wave- 
length measured by him is \’ =)/cos@. The phase 
velocity is vA’ = vA/cosé=c/cosé@, where c is the 
velocity of light in free space. The observer 
must move in the direction of the trench with 
velocity equal to c/cos@ if he is to detect no 
change in phase. The phase velocity is seen to 
be faster than c. 

Suppose that instead of monochromatic radia- 
tion we employ a modulated wave. This could 
be accomplished by using two monochromatic 
waves, close together in frequency. The electric 
field vector could be described by the relation 


E= E,[cos(wt — Bz) 
+cos[ (w+ Aw)t— (8B +AB)z]], (1) 


where B=w/vp; we can use a trigonometric 
identity to transform Eq. (1) to 


E=2E, cos3[ (2w+ Aw)t— (28+ AB)z ] 
Xcos}[Awt—ABz]. (2) 


If Aw and AB are small, we can write 


Aw Ag 
E=2E, cos( 1-—s) cos(wt—Bz). (2A) 


Fic. 1. Wave fronts obliquely incident on a trench. 
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The first factor in Eq. (2A) represents the 
propagation of the modulation envelope. We can 
use Eq. (2A) to discuss group velocity, by in- 
quiring what velocity an observer would need 
in order to observe no changes in amplitude. 
This velocity is obtained by setting the factor 
cos (4Awt—4A8z) =constant; this gives 


Aw 


s=—t=v,t, (3) 
AB 


Aw 
vg=—. (4) 
AB 


In general the angular frequency is a function 
of the wavelength, and from Eq. (4) we define the 
group velocity as v,=dw/dB. For the case of 
Fig. 1, we have for the phase velocity 


“ 2rv w c (5) 
VUn—vV =e TC 
F B £B  cosé 


We can obtain the group velocity by getting 
dw/dB from Eq. (5), obtaining 


dw Cc 
0=—=—. (6) 
dB cos@ 


We see that the group velocity as given by 
expression (6) is again greater than the velocity 
of light. It is easy to see directly why this should 
be so if we imagine the wave to be amplitude- 
modulated by increasing the amplitude of every 
tenth wave, as shown in Fig. 2. If the observer 
is to see no change in amplitude, and he is 
initially at point A, he needs to move along the 
trench with velocity v,=c/cosé. 

We next inquire what is the maximum speed 
with which a signal can be sent from point A to 
point B (see Fig. 2). In order for the observer 


WAVEFRONTS 


TN 


Fic. 2. Wave fronts with every tenth wave of large 
amplitude obliquely incident on a trench. 


Fic. 3. Trench illuminated by two sources. 


to signal he must do more than watch the light 
waves go by. He must originate some sort of 
disturbance. One way would be to interact with 
the waves going by at A and modify them in 
some way. If he does this, spherical wavelets will 
emerge from A, according to Huygens’ principle. 
These wavelets travel from A to B with the 
velocity of light c. Thus we see that the maximum 
speed of signaling is c, but the phase and group 
velocities both exceed c. 

We consider another example. Suppose the 
trench is illuminated by two sources at X and 
Y (Fig. 3). At point O the wavelength is OC if 
measured to the right and OD if measured to 
the left. We see that the wavelength in the 
trench direction depends on the distance and on 
the direction in which we measure, and, in 
general, is not the same at any two points. We 
can calculate the phase velocity at O as follows. 
We imagine another wave front (shown dotted) 
to be very slightly ahead of the solid one through 
O, in phase. The time required for the wave to 
go from O to O’ is At=2/c. In this time the ob- 
server would have to move from O to O’, which 
is z/cos@. The phase velocity in this case is, 
therefore, 


Z & 


cos@ cosé Cc 


== = 


At cosé 


z 
Cc 


We can write c=vA\=wd/27; utilizing this in 
Eq. (7), we obtain 


wr w 
Up = =—, (7A) 
2x cosé £B 


The group velocity can be obtained by evalu- 











Ri 


\* 
WAVEFRONTS A HALF PERIOD APART 
Fic. 4. Plane waves in a rectangular wave guide. 


ating dw/dB, from Eq. (7A). This gives 


dw é 
— (8) 


v,=—= : 
; dg cos@ 


The group velocity is also c/cos@. The signal 
velocity is again determined to be c¢ because 
waves originated at some point along the 
trench will be propagated with velocity c. 

;} As a final example we consider propagation 
of electromagnetic waves in a rectangular wave 
guide, see Fig. 4. The radiation inside of the 
wave guide can be considered to be made up of 
plane waves reflected back and forth from the 
walls. The signal velocity is seen to be the 
distance OB divided by the time required for 
light to go from O to B along the path OAB., 


OB 


Signal velocity =—————_ 
OA+AB 


=c cosé. (9) 


c 


We consider the propagation mode which has 
the lowest cut-off frequency. For this mode the 
points O and O’ of the wave system must be on 
wave fronts a half-period apart, to satisfy the 
boundary conditions. This requires 


r 


2 d\243 
sind=-, and cos#= | 1— (—) , 
a 2a 





Employing these relations in Eq. (9), we obtain 


d\2)! 
Signal velocity =c{ 1— (—) | ; (10) 
a 
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Let \’ be the wavelength in the direction OB. 
Then 


(11) 


nN 
iP teremecsvocnsmaenanirts (12) 


; 


iG 


A\213 

2n|1— —) 

2r 2a 
= : : 








B (13) 
x 
wr 

c=—. (14) 
2r 


The group velocity is dw/dB8 and can be calcu- 
lated using Eqs. (12), (13), and (14). The 


result is 
A \2)3 
anieayy. 
, | 2a 


The group velocity is seen to be equal to the 
signal velocity, and both are given by Eq. (10). 
The phase velocity is v\’ where )’ is given by Eq. 
(12), and is 


vr c 


— ome iaiaiaasiaialalib 
p=vnr <<a a Xv? ’ 
t-()} -G)| 
2a 2a 
which is greater than the velocity of light. 

In a dispersive medium, the phase and group 
velocities are sometimes less than c and some- 
times greater than c. When a signal is sent, the 
first impulse always arrives with velocity c; 
then the amplitude builds up in a complex way 
as described by Sommerfeld and Brillouin. The 


time of detection of the signal depends on the 
sensitivity of the detector. 
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Paper Representations of the Noncubic Crystal Classes 


L. I. ScHirF 
Stanford University, Stanford, California 
(Received January 25, 1954) 


It is shown that the full symmetries of twenty-seven of the thirty-two crystal classes, all 
except the five cubic classes, can be exhibited by suitably marked pieces of paper or cardboard. 
It is necessary to use both sides of the paper, and to exploit its small but finite thickness. 


HE writer recently noticed that the full 

symmetries of twenty-seven of the thirty- 
two crystal classes, all except the five cubic 
classes, can be exhibited by suitably marked 
pieces of paper or cardboard. This does not mean 
that the representations are two-dimensional, 
for both sides of the paper are used. It is essen- 


TRICLINIC 


MONOCLINIC 


cnmnennonane 
V=D, 222 V2D5, 


Fic. 1. The two triclinic, three monoclinic, and 
three orthorhombic classes. 


TETRAGONAL 


4 Vs=Doq 


0 
dhe 


Fic. 2. The seven tetragonal classes. 


42m 


h A 


tial to assume, in come cases, that an axis or a 
plane of symmetry can be passed midway be- 
tween the two surfaces of the paper. Thus the 
small but finite thickness of the paper is ex- 
ploited. 

Each polygon in the accompanying figures 
should be thought of as a paper or cardboard 
cutout, with the triangular areas between the 
solid lines and the two intersecting edges blacked 
in on the upper surface. The triangles bounded 
by the dotted lines and the two intersecting 


RHOMBOHEDRAL TRIGONAL 


s, 3 
= o (" 
\ NN a 
d, 32 D 32 Ds, 3m 


Fic. 3, The five rhombohedral or trigonal classes; two rep- 
resentations are given for the class Ds or 32 (see text). 


HEXAGONAL 


Fic. 4. The seven hexagonal classes, 
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edges are to be blacked in on the lower surface. 
Where the upper and lower blacked areas coin- 
cide, the solid and dotted lines are drawn slightly 
displaced from each other. Both the Schoen- 
flies and the Hermann-Mauguin notations are 
given for each class. Two representations are 
given for the rhombohedral or trigonal class D3; 
or 32 (Fig. 3); in the first the twofold axes are 










Teaching Transistor Physics* 


WitiraM J. LEIvo 


SCHIFF 


perpendicular to the edges of the hexagon, and 
in the second they pass through the corners. 
Needless to say, the forms used in Figs. 1-4 are 
not unique. 

This material is presented here in the belief 
that such easily made, and compact representa- 
tions will prove to be of value in the study of 
crystallography, especially in the classroom. 


Carnegie Institute of Technology, Pittsburgh, Pennsylvania 


(Received April 13, 1954) 


In June, 1952, the Bell Telephone Laboratories, Murray Hill, New Jersey, sponsored a 


summer school for teachers of transistor physics. During the sessions the basic ideas of semi- 
conductors were studied, and a series of fundamental experiments was performed. At Carnegie 
Institute of Technology the student interest in these experiments has been very high and the 
results were so gratifying that we felt it would be most welcome if the Bell Telephone Labora- 
tories made these experiments available to colleges which were not represented at the transistor 
sessions. This they have kindly agreed to do. A brief discussion of the experiments developed 


. CE its discovery, about six years ago, the 

transistor has rapidly developed from a 
laboratory wonder to its present useful state. 
Today transistors of many types are in mass 
production, new varieties are being developed, 
and the potential uses for them are increasing 
rapidly. 

If the transistor industry follows the growth 
pattern that practically all industries in the 
past have shown, then it is apparent that a 
large number of people will have to be trained 
in transistor physics. One of the major purposes 
of the school is to provide the basic training that 
industry needs. In the case of transistor physics 
this means that schools should offer more courses 
in solid-state physics with particular emphasis 
on semiconductors. Special courses in transistors 
should also be made available to those students 
desiring to specialize in this field as well as to 
practicing engineers who would like to become 
sufficiently well acquainted with transistors to 
take advantage of their capabilities. 


* This article is based on a paper presented by the 
author at the June, 1953, meeting of the American Associa- 
tion of Physics Teachers held in Pittsburgh, Pennsylvania. 


by the Bell Telephone Laboratories is given in this article. 


Another duty of the school is to guide students 
into those fields in which they will be happy 
and are likely to find steady employment. A 
growing industry generally offers more security 
than one which is near its maximum growth. 
Figure 1 shows a growth curve similar to one 
that the transistor industry might be expected 
to follow. Almost all industries have followed 
the same pattern. This curve, which gives the 
total number of kilowatt hours of electrical 
energy developed each year as a function of the 
time, is typical of practically all industries. 
Growth curves are generally drawn on a semilog 
scale since equal vertical deviations represent 
equal percentage changes, thus making it easy 
to extrapolate the curve into the future. The 
positions of various industries in their growth 
patterns are shown in Fig. 2. Since the transistor 
industry would lie on the steep part of the curve 
near the origin, it is evident that the number of 
people that could be profitably employed in it 
will increase very rapidly for a large number of 
years. Normal business fluctuations will not be 
felt in it for a long time. For instance, during 
a period of business recession an industry that 
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has reached its maximum growth might have 
to reduce the number of employees by, say, a 
thousand over a period of one year. However, a 
growing industry of comparable size, according 
to its normal growth curve, might call for an 
increase of 1100 employees in this same length 
of time. Therefore, instead of having to reduce 
their personnel by a thousand because of the 
business recession, they would still be able to 
increase their number by 100. Thus, growing 
industries are valuable to our economic welfare. 

The transistor industry is also valuable to our 
national security. The small size, low power re- 
quirement, and the ruggedness of the transistor 
have already improved the communications 
systems upon which our national defense is de- 
pendent. Let schools not be a deterrent in its 
normal development. 

Although transistors have been studied for 
some time, it has only been relatively recently 
that most of the difficulties of teaching transistor 
physics have been eliminated. The first difficulty 
is naturally concerned with having sufficient 
fundamental understanding of transistors to 
make the teaching of them worthwhile. The 
theory of the point-contact transistor, which was 
the first type of transistor to be discovered, re- 
mained in doubt for some time. Even at the 
present time there is some uncertainty concern- 
ing it. Upon the discovery of the junction tran- 
sistor by W. Shockley, however, the theory of the 
point-contact transistor was aided materially. 
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Fic. 2. Position of various U. S. industries in their 
growth curve (after an idea by Babson). 


The theory of the junction transistor is sound 
and can be understood without much difficulty. 
The ideas involved in the junction transistor, 
and the experiments that are possible with it, 
are of considerable value in understanding the 
nature of solids in general. 

The second early difficulty in teaching tran- 
sistor physics was the lack of a suitable text- 
book which would enable a person not actively 
engaged in research in the field to gain knowledge 
of the subject without extensive literature 
surveys and study of numerous individual papers. 
This difficulty was overcome upon publication 
of Shockley’s book Electrons and Holes in Semi- 
conductors.1 This textbook is particularly well 
suited for teaching since it is divided into three 
parts of increasing difficulty, thus making it a 
text which can be used at various levels. 

A third difficulty in teaching transistor physics 
concerned laboratory work. Before a student 
makes a study of vacuum tubes he normally 
first studies some of the fundamental principles 
of electricity such as the motion of electrons in 
a vacuum under the influence of an electric field. 
In the same way, if one wishes to understand 
transistors, it is necessary to study the motions 
of electrons and holes in semiconductors, and, in 
particular, to understand such concepts as 
mobility, lifetime, and diffusion of electrons and 
holes. Laboratory experiments, as in studying 
all physics, are valuable in clarifying difficult 


ideas. However, in order to do fundamental ex- 


1 W. Shockley, Electrons and Holes in Semiconductors (D. 
Van Nostrand Company, Inc., New York, 1950). 
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periments in transistor physics, it is necessary 
to grow single crystals of semiconductors with 
definite amounts of added impurities. The grow- 
ing of such crystals would be a major deterrent 
for most schools, thus preventing them from 
doing fundamental teaching in transistor physics. 

Having discovered and developed the tran- 
sistor, the Bell Telephone Laboratories realized 
the difficulties schools would have trying to teach 
transistor physics from a fundamental viewpoint. 
In order to assist schools with these difficulties, 
they sponsored a ‘‘Transistor Teachers Summer 
School” in June, 1952, during which the funda- 
mental ideas of semiconductors were studied, 
and a series of experiments was performed that 
clearly showed the behavior of transistors and 
semiconductors in general. Upon completing the 
program the participating schools that wished 
to introduce work in transistor physics were 
given germanium specimens so they could set 
up the same experiments for students’ use. At 
the Pittsburgh meeting of the American Associa- 
tion of Physics Teachers, J. R. Haynes, of the 
Bell Telephone Laboratories, stated that their 
laboratories would try to furnish samples re- 
quired for the experiments to the colleges in this 
country that seriously intended to establish 
transistor experiments in their courses. 

The following is an account of the experiments 
developed by the Bell Telephone Laboratories. 
One experiment, ‘‘Drift Mobility,” will be given 
in detail in the form prepared by the Bell Tele- 
phone Laboratories. The rest of the experiments 
will be sketched to show their general nature. 
Detailed circuit diagrams for a particular experi- 
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Fic. 3. Point-contact transistor circuit. 
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ment can be obtained from the Bell Telephone 
Laboratories. A study of the experiments will 
show that they are fundamental in nature—ex- 
periments that would form the basis of almost 
any course in solid-state work. 


EXPERIMENT 1 
The Point-Contact Transistor 


The point-contact transistor was discovered 
by Bardeen and Brattain at the Bell Telephone 
Laboratories. The purpose of this experiment is 
to construct a point-contact transistor and to 
duplicate some of the original experiments 
carried out by these workers. 

A small plate of m-type germanium is rhodium 
plated on one side. A convenient size for the 
plate is around 3mm X3mmX1 mm. The rho- 
dium-plated side serves as the base of the tran- 
sistor. To the other side of the slab, which has 
been previously etched with acid, two wire points 
are pressed in contact to serve as the emitter 
and the collector. The points of the wires should 
be wedged shaped with a separation between the 
points of about 2 mils. Phosphor bronze wire 
having a diameter of 5 mils is very satisfactory 
for the probes. To assist in placing the points at 
the required positions, micromanipulators, which 
are readily constructed, are desirable, and a low- 
power microscope is useful in viewing the points. 
The transistor, thus constructed, is connected 
to the circuit shown in Fig. 3 for study of its 
characteristics. The probe on the left is the 
emitter, and the one on the right is the collector. 
The transistor is improved by “forming the 
collector.’’ This can be accomplished by charging 
a condenser to about 300 volts and discharging 
it through the collector in series with a resistor. 
Upon introducing an ac signal into the emitter 
circuit, and measuring the input and the output 
power, the power gain can be determined. The 
characteristics of the transistor are most readily 
observed with the use of an oscilloscope. The 
dependence of the various characteristics upon 
the distance between the emitter and collector 
points can also be investigated. 


EXPERIMENT 2 
Drift Mobility 


This experiment is an exact reproduction of 
the corresponding Bell Telephone Laboratory 
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Fic. 4. Drift mobility experiment circuit. 


report. It can be seen that the instructions are 
in sufficient detail to enable a school to set up 
the experiments without excessive labor. 

Purpose.—To measure the drift mobility of 
injected holes and electrons in germanium and 
to give reality to the concept of hole and electron 
flow in solids. 

References to Literature —(1) ‘‘Hole Injection 
in Germanium—Quantitative Studies and Fila- 
mentary Transistors,’ Shockley, Pearson, and 
Haynes, Bell System Tech. J. 28, 344 (1949). 

(2) ‘“‘The Mobility and Life of Injected Holes 
and Electrons in Germanium,” J. R. Haynes 
and W. Shockley, Phys. Rev. 81, 835 (1951). 

(3) ‘‘The Mobility of Electrons in Silver Chlo- 
ride,”’ J. R. Haynes and W. Shockley, Phys. Rev. 
82, 935 (1951). 

(4) “The Drift Mobility of Electrons in 
Silicon,’ J. R. Haynes and W. C. Westphal, 
Phys. Rev. 85, 680 (1952). 

Discussion of Experiment.—As a result of new 
experimental techniques developed in connection 
with the transistor program, the speed with 
which holes and electrons drift in electric fields 
in germanium can be measured with an accuracy 


sufficient to determine their mobilities to within 
a few percent. The basic phenomena which 
permit these new experiments to be performed 
are those of carrier injection and collector action ; 
with the aid of the former, holes or electrons 
can be injected at a given place and time, and 
with the aid of the latter their arrival time at 
another point can be determined. 

It should be emphasized that transit-time 
measurements determine drift mobility in a very 
direct way. Hall-effect measurements, which 
have previously been used to determine mobili- 
ties in semiconductors, are quite indirect. The 
relationship between Hall mobility, defined by 
the angle between current and electric vectors in 
unit magnetic field, and true mobility involves 
the detailed nature of the scattering processes 
and energy-band shapes and only under special 
conditions does the ratio have the conventional 
value of 3u/8. 

The essence of the technique described is in- 
corporated in the circuit shown in Fig. 4. A rod 
of n-type germanium, cut from a single crystal, 
is provided with rhodium-plated contacts at 
either end for good electrical contact. The 
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Fic. 5. Oscilloscope trace obtained 
in drift mobility experiment. 


sample is placed on an insulating base equipped 
with four micromanipulators each of which 
controls a phosphor bronze point. Two of the 
points are placed in contact with the end platings 
of the sample. The other two are in contact with 
the germanium crystal and serve as emitter and 
collector. A variable potential source (current 
control circuit) is placed in series with the plated 
contacts so that a direct current J flows in the 
crystal from left to right producing an electric 
field in the same direction. One end of the 
crystal is connected to the ground. A pulse gen- 
erator which produces a positive pulse having 
a duration of 0.5 microsecond and a repetition 
rate of 60 pulses per second is placed in series 
with the emitter point and ground. During the 
time of the pulse, a current flows from the 
emitter point into the crystal making this point 
an emitter of positive holes. In series with the 
collector point and ground is placed a resistance 
and a baitery (C. R. O. circuit) so that this point 
is biased negatively as in a type A transistor. 
The input amplifier of a cathode-ray oscilloscope 
is connected across the resistance. This resistance 
has a value which is small compared with the im- 
pedance of the collector point so that the voltage 
applied to the oscilloscope is proportional to the 
admittance of the point. At a certain instant of 
time a positive pulse of current is applied to the 
emitter point. Holes enter the crystal at this 
time and are swept down to the collector in the 
electric field produced by the direct current J. 
When they arrive at the collector they produce a 
measurable signal in the oscilloscope. 

A drawing of the trace obtained on the oscil- 
loscope is shown in Fig. 5. The oscilloscope is 
synchronized to the start of the injection pulse. 
This pulse is visible on the oscilloscope trace 
because the momentarily increased current in the 
germanium rod serves to produce an analogous 
change in the potential of the crystal at the col- 
lector contact. After this initial pulse, the signal 
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remains constant. During this time the injected 
holes are moving through the crystal from the 
emiter point, diffusing as they go. When the holes 
arrive at the collector, the voltage applied to the 
oscilloscope rises to a maximum and then falls 
to its original value when the pulse of holes has 
passed. This increase in voltage on hole arrival 
which is made by the circuit to be proportional 
to the increase in collector current has been 
shown to be proportional to the hole densities 
arriving at the collector point (see reference 1). 
The transit time ¢ for the injected holes is the 
time represented by the distance measured 
from the center of the pulse produced by in- 
jection to the maximum signal produced by 
the arrival of the holes. 

The potential difference in the germanium 
crystal between the emitter and collector points 
may be measured with the potentiometer shown 
in Fig. 4 and the distance between these points 
ascertained with a microscope equipped with a 
micrometer eyepiece. 

By definition, the drift mobility is .=v/E, 
where v is the average velocity of a charge and 
E is the electric field. Also v=1/t and E=V/l. Sub- 
stituting these values in the above equation, we 
obtain an expression for the drift mobility in 
terms of measurable quantities u=/?/Vt. 

Since the ratio of the distance to which the 
holes are translated by the electric field to that 
to which they diffuse increases as the /V, it is 
desirable from this point of view to make the 
voltage between the emitter and collector points 
as high as possible (see reference 2). On the other 
hand, high voltage leads to an increased tem- 
perature of the crystal. The mobility has been 
shown to vary as T-}, where T is the absolute 
temperature. It is therefore desirable to have 
the sample temperature close to room tempera- 
ture. Even so, it is necessary to make a rough 
correction for temperature rise above ambient. 

The correction to the increased temperature 
of the sample is made by making use of the fact 
that the germanium sample has been coated 
with a thin layer of Ceresin wax which has a 
melting point of 51°C. The current through the 
sample is increased till the wax melts. It is then 
assumed that the temperature for lower values 
of current is proportional to the heat dissipated 
in the crystal or that the increase in the tempera- 













ture of the sample above ambient is At=k(J)?. 
At the melting point of the wax At is known and 
I is measured so that the proportionality con- 
stant k can be evaluated. In the measurements 
of drift mobility, therefore, the temperature is 
assumed to be T=7)+KI, where To is the 
absolute ambient temperature. 

The experiment has been described in connec- 
tion with hole injection into n-type germanium. 
The apparatus is equally well adapted, however, 
to the study of injected electrons into p-type 
germanium. For this purpose, it is only necessary 
to reverse the polarity of all of the batteries and 
to apply a negative pulse instead of a positive 
one to the emitter. 

Procedure and Apparatus.—Place an n-type 
single-crystal rod of germanium in the center of 
the micromanipulator stage. Bring the contact 
points of the two bottom micromanipulators in 
contact with the plated electrodes at the ends 
of the crystal, using a microscope to insure 
contact. Using the two upper micromanipulators, 
place the phosphor bronze points in contact 
with the germanium crystal surface. The upper 
right point (collector) should be within 0.1 mm 
of the sandblasted region at the right end of the 
rod, and the upper left point (emitter) should 
be about 7 mm away from the collector (more 
than 8 mm will be difficult to measure with the 
microscope provided). Connect the rest of the 
circuit (excepting the potentiometer) as indi- 
cated in Fig. 4. Close the switch of the current- 
control circuit and, viewing the sample through 
the microscope, find the current required to just 
melt the wax. Record the current and the room 
temperature. Reduce the current to approxi- 
mately half this value. ‘‘Form’’ the collector 
point by connecting the clip of the forming 
circuit (see Fig. 6) to the ground and touching 
the collector micromanipulator with the other 
lead while pressing the key. Turn on the oscillo- 
scope and pulse generator. Set the pulse gen- 
erator at maximum amplitude. Adjust the syn- 
chronization on the oscilloscope. If the pattern 
is noisy and if the signal is insufficient, ‘‘form’”’ 
the collector point again. This may be done 
while the oscilloscope and pulse generator are 
operating. When a satisfactory oscillogram is 
obtained, reduce the amplitude of the pulse 
generator. 
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Depress the key on the C. R. O. circuit. This 
shorts the 1000-mmf condenser. Observe that the 
noise increases, but that the oscillogram remains 
unchanged showing that the time constant of 
the circuit is sufficiently long to prevent signal 
distortion. It may be observed that the transit 
time decreases when the current through the 
crystal is increased. Since this increase in current 
increases the electric field which is directed from 
the emitter toward the collector, the injected 
carriers must be positively charged. Further, 
since these carriers are shown to have mobilities 
of the order of several thousand cm?/volt sec, 
they can only be positive holes. 

Select a convenient value of current and record 
the transit time of the holes obtained as the 
pulse amplitude is decreased to obtain the 
smallest perceptible signal thus reducing con- 
ductivity modulation to a minimum. Record 
this current. Disconnect the C. R. O. circuit and 
the pulse generator and connect the potentiom- 
eter as shown by the dotted lines of Fig. 4. 
Measure the voltage V between emitter and 
collector with the value of current J equal to 
that used while measuring the transit time. 
Measure the distance between the emitter and 
collector points with the microscope. 

Repeat the experiment using a p-type ger- 
manium sample making certain to reverse all of 
the battery polarities and apply a negative pulse. 
Calculate the mobility of electrons and holes 
in germanium. Reduce the value of mobility ob- 
tained to 300°K. 


Equipment List. 


Pulse generator (see attached circuit) 
Potentiometer 
5000-ohm potentiometer : 
500-ohm potentiometer 
‘10 000-ohm resistance 


100n 


100K S 





Fic. 6. Forming circuit for use with collector 
. tb ON m-type,or emitter on[p-type sample. 
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27-ohm resistance 
Key 
Galvanometer 
22% volt battery 
Switch 
Current control circuit 
5000-ohm potentiometer 
500-ohm potentiometer 
10 000-ohm resistance 
22% volt battery 
Switch 
Voltmeter (1, 10 volts) 
Milliammeter (1, 10 ma) 
Cathode Ray Oscilloscope Circuit 
5000-ohm resistance 
1000-mmf condenser (time constant of 
circuit 1107 sec) 
Switch 
22% volt battery 
Oscilloscope 
Tektronix 511AD or equivalent 
4 Micromanipulators mounted on insulating 
base 
Microscope equipped with micrometer eye- 
piece. 


Preparation of Germanium Rod for Drift 
Mobility Experiment (Experiment. No. 2) Pro- 
cedure.—1. Prepare ingot slice for sawing by 
waxing to saw plate. The rod is to be cut from 
a 0.045 in. to 0.050 in. thick slice of germanium 
2 in. to 1 in. in diameter. 

2. Cut rod with diamond saw so that it is 
0.045 in. wide. Use care while sawing to cut 
only 0.003 in. to 0.004 in. for each saw pass. 

3. Take the roughed-out rod and wax it to 
a 0.040 in. lapping block. Grind with No. 800 
carborundum until the rod is nearly flush with 
lapping block and then polish the rod on cloth 
with polishing alumina. Repeat process. on 
adjacent side. 

4. Place rod on 0.035 in. lapping block. Repeat 
grinding and polishing steps, as in step No. 3, 
on the remaining sides. 

5. Coat polished rods with polystrene cement 
except for 4mm on each end. (Polystyrene 
cement consists of solid polystyrene dissolved 
in toluene, the amount of toluene used depending 
on consistency desired). 

6. Sandblast the uncoated ends of the rod. 
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7. Rhodium plate sandblasted ends of rod for 
a distance of two mm. The remaining two mm of 
sandblasted area provides a recombination area 
to help eliminate carrier injection from the end 
electrodes. Plate rod at 45° to 51°C in rhodium- 
plating electrolyte with a current of about 3 ma 
for about 5 minutes. (See sample preparation 
data sheet for experiment No. 1 for information 
on rhodium-plating electrolyte.) 

8. Remove polystyrene on middle of rod 
thoroughly with toluene. 

9. Cover electrodes and recombination areas 
with polystyrene cement. Place rod in platinum- 
wire holder and fasten with additional poly- 
styrene cement. 

10. Etch rod in C. P. 4 etch for 23 to three 
minutes. (See data sheet on sample preparation 
experiment No. 1 for composition.) 

11. Rinse rod in distilled water and dry on 
clean filter paper. 

12. Hang platinum holder and rod in toluene 
to loosen rod. Remove the rod from the holder 
and rinse thoroughly in toluene again. MAKE 
SURE ROD IS VERY CLEAN. 

13. Prepare antimony oxychloride (SbOC1I) 
suspension by placing a few crystals of antimony 
chloride (SbCl3) in distilled water. 

14. Place a negative electrode of tantalum or 
platinum in the suspension and connect it to the 
negative terminal of a 14 volt cell. Connect the 
positive terminal to tweezers holding the etched 
rod. Lower the rod into the suspension until all 
of the etched surface has been covered. (Do not 
allow tweezers to touch liquid.) Allow sample 
to remain in the antimony oxychloride suspen- 
sion for 5 minutes. 

15. Remove rod from suspension, rinse thor- 
oughly, and dry on clean filter paper. 

16. Place rod in hot synthetic ceresin wax 
and allow the sample to come to the temperature 
of the molten wax. 

17. Remove the rod from the wax; and, while 
the rod is kept warm over the hot plate, remove 
the excess wax coating by means of a clean 
filter paper. 

The rod is now finished and may be used for 
mobility measurements. 

This concludes experiment No. 2 which has 
been a direct quotation from the Bell Telephone 
Laboratories’ report. 
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EXPERIMENT 3 
Hall and Suhl Effects in Germanium 


The Hall effect, which is well known to most 
physicists, is one of the fundamental experiments 
in physics which has advanced our understand- 
ing of electrical conductivity possibly more than 
any other single experiment. In the Hall effect a 
potential difference is developed across a con- 
ductor carrying a current when the conductor 
is placed in a magnetic field. This potential 
difference arises because the moving charged 
particles are deflected in the magnetic field to 
the sides of the conductor. The charged particles 
then produce an electric field which is transverse 
to the sample. In a short interval of time a 
sufficient number of carriers are deflected to 
the sides of the sample such that the electric 
field thus produced exerts a force on the charged 
particles equal to the transverse force on the 
particles arising from their motion in the mag- 
netic field. At this time, the current again flows 
in the same direction it would in the case where 
no magnetic field is present. 

The Hall effect is small for metals, but in the 
semiconductor, germanium, it is quite large. 
Attempts have been made to measure the Hall 
effect resulting from ionic conductivity in ionic 
crystals; in this case, it should be exceedingly 
small. 

At one time there was considerable concern 
over the fact that in some cases the Hall effect 
was positive—that is, the potential difference 
produced was of opposite sign to what would 
be expected for electronic carriers. This has 
been explained by the fact that in these cases 
the conductivity is caused by holes which have 
an effective positive charge. 

In the first part of the experiment the Hall 
potential difference in germanium is measured. 
The same germanium rod used in the mobility 
experiment is satisfactory. By placing probes on 
the rod, the transverse potential difference can 
be measured. The direction of the resultant 
electric field in the sample can be obtained by 
adding the transverse electric field and the 
longitudinal electric field (because of the battery). 
From the angle 6, between the resultant electric 
field and the longitudinal electric field, the Hall 
mobility ux can be calculated using the equation 
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6=unH/c, where H is the magnetic field strength, 
and ¢ is the velocity of light. The details of the 
calculations are given in the Bell Telephone 
Laboratories’ experiment sheets. The Hall mo- 
bility is related to the drift mobility up obtained 
in experiment 2 by the equation 


bu = 3app/8. 


Aside from its fundamental importance, this 
experiment gives a student the opportunity 
to make measurements of such quantities as 
resistivity and magnetic field strength—measure- 
ments which he then uses to obtain other valuable 
results. 

The second part of the experiment deals with 
the Suhl effect. This effect, like the Hall effect, 
concerns the motion of charged carriers in mag- 
netic and electric fields. However, there are im- 
portant differences. The Hall effect concerns the 
motion of majority carriers, whereas the Suhl 
effect pertains to the motion of minority carriers 
in the presence of majority carriers. The minority 
carriers in n-type germanium are holes and in 
p-type germanium they are electrons. In the 
Hall effect the forces upon the carriers, arising 
from the transverse electric and magnetic fields, 
are in opposite directions, whereas in the Suhl 
effect they are in the same direction. This results 
in a deflection of the minority carriers to the 
sides of the sample even in the steady state. 
When the carriers travel toward the surface 
they are continually recombining, but most of 
the recombination will occur at the surface for 
germanium of reasonably long lifetime. Figure 
7(a), by Shockley, shows the motion of the 
carriers in the case of no magnetic field, and Figs. 
7(b) and 7(c) show the motion in a magnetic field. 

To observe the Suhl effect, minority carriers 
are introduced into a germanium rod which is 
carrying a current of majority carriers. The rod 
is also subjected to a transverse magnetic field. 
The experiment amounts to injecting minority 
carriers into a specimen in which the Hall effect 
is taking place. The minority carriers are de- 
flected to the surface by the electric and magnetic 
fields. A maximum current occurs at some par- 
ticular angle to the longitudinal axis of the 
sample. By moving a probe along the surface 
of the germanium, a position can be found where 
the current is a maximum, thus verifying the 
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Fic. 7. Paths of holes injected into n-type filament 
(after Shockley, see reference 1). 


theoretical prediction that the" magnetic force 
on the carriers is in the same direction as the 
electric force. 


EXPERIMENT 4 
Rectification and Zener Current for p-n Junctions 


A p-n junction is the transition region between 
a p-type and an n-type semiconductor. In this 
experiment the current-voltage characteristics 
of a germanium p-n junction are measured for 
both forward and reverse biases, and the experi- 
mental plot is compared with the theoretical. 
Figure 8 shows the results of such an experiment, 
demonstrating clearly the rectifying character 
of a p-n junction. When the reverse bias is in- 
creased, it can be seen from the figure that 
the current rather suddenly becomes very large. 
This current at its large value is called the 
‘Zener current.” It may arise from the electrons 
tunneling from the valence band into the conduc- 
tion band. Recent evidence by K. G. McKay,’ 
however, indicates that a cascade process may 
be responsible in many cases. According to this 


2K. G. McKay, Phys. Rev. 94, 877 (1954). 
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theory, the holes as well as the electrons are 
accelerated in the strong electric field of the 
junction until they gain sufficient energy to 
produce more electron-hole pairs by collision, 
thus cascading the process. It is particularly in- 
teresting that one can obtain the Zener current 
with such small differences in potential since one 
normally associates the Zener current with di- 
electric breakdown at thousands of volts. How- 
ever, in the p-m junction one can obtain high-field 
strengths without having to resort to high dif- 
ferences in potential because almost all of the 
fall in potential occurs in the transition region 
which is very thin (around 10-* mm). This is of 
particular advantage where student safety is of 
concern. The experiment gives unusual satis- 
faction to the teacher and student since the 
theory of the p-m junction is on a sound theo- 
retical basis. 


EXPERIMENT 5 
Photo Effects in a p-n Junction 


When light is incident on }-type germanium, 
electrons in the valence band are excited into 
the conduction band, leaving holes in the valence 
band. The electrons then exist as minority 
carriers in the conduction band, diffusing through 
the crystal. In a short time, however, the elec- 
trons recombine with the holes. The length of 
time that the electron exists in the conduction 
band is related to a time called the lifetime of 
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Fic. 8. Theoretical rectification curve and 
experimental data for a p-m junction. 












the electron. Similarly, if m-type germanium is 
irradiated with light, electrons are excited into 
the conduction band leaving holes behind. In 
this case the holes are the minority carriers, and 
they will recombine with the electrons. A main 
purpose of this experiment is to measure the 
lifetime of electrons in p-type germanium and 
the lifetime of holes in n-type germanium. The 
lifetimes are determined by a rather ingenious 
method. A p-n junction is biased in reverse. An 
exceedingly small image of a light source, ob- 
tained by using a microscope objective in reverse, 
is focused on the surface of the p- junction. If 
the light spot is on the p-side of the junction, 
electrons are excited into the conduction band. 
With a reverse bias on the junction, the electric 
field is almost zero everywhere excepting in the 
narrow transition region shown in Fig. 9. Any 
electrons that diffuse to the transition region are 
caught in the strong electric field which forces 
them to the m-side, thus registering as a current 
in the external circuit. The farther the light spot 
is from the junction, the greater is the prob- 
ability that the electrons will recombine with 
the holes before they have time to diffuse to the 
junction; therefore the current increases as the 
light spot approaches the junction. If the loga- 
rithm of the current is plotted as a function of 
the distance of the light spot from the junction, 
a straight line is obtained. From the slope of the 
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_ Fic. 9. Circuit and apparatus for determination of life- 
times of minority carriers. Also shown are the energy bands 
across the junction. 
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Fic. 10. Difference in potential across the resistor shown 
in Fig. 9 as a function of the position of the light spot (from 
a student report at Carnegie Institute of Technology). 


curve and the known diffusion constant (which 
can be obtained from the mobility experiment) 
the lifetime of the electrons can be determined. 
The lifetime of the holes can be obtained in a 
similar fashion. To eliminate the effect of any 
constant light and the effect of the dark current, 
an intermittent light source is used, the photo- 
current being determined by measuring the ac 
voltage across the load resistor. Figure 10 shows 
a typical curve taken directly from a student 
report at Carnegie Institute of Technology. The 
lifetime of the holes obtained from this curve 
is 13.8 usec, and the lifetime of the electrons is 
8.19 usec. 


EXPERIMENT 6 
Characteristics of an n-p-n Junction Transistor 


The junction transistor was proposed by 
Shockley as a result of theoretical considerations. 
There are many variations of the junction tran- 
sistor, but the one investigated here is the n-p-n 
junction transistor. It consists of two sections of 
n-type germanium separated by a thin layer of 
p-type germanium. All three parts, however, are 
part of the same single crystal. Wire leads are 
soldered to each of three parts. These contacts 
are low-resistance ohmic contacts, that is, they 
offer low resistance to the flow of majority 
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Fic. 11. The m-p-n structure and the energy-level 
scheme: (a) and (b) thermal equilibrium; (c) and (d) 
biased as an amplifier. (After Shockley, Bell System 
Tech. J.) 


carriers. The energy bands in the transistor, when 
no bias is applied, are shown in Fig. 11b. Upon 
applying a forward bias to the emitter and a 
reverse bias to the collector, the energy bands 
are altered (Fig. 11d). The forward bias on the 
emitter lowers the potential barrier, allowing 
more electrons to get across the junction. With 
the collector junction biased in reverse the height 
of the potential barrier is increased for electrons 
diffusing from the right to the left, however, 
the flow of electrons from left to right is aided 
by the potential drop. The p-type region is made 
sufficiently thin so that most of the electrons that 
diffuse into it from the left will diffuse on 
through into the ”-region on the right instead of 
recombining with the holes. If the conductivity 
of the 2-region is much higher than the conduc- 
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tivity of the p-region, the current will mainly 
be a flow of electrons. Since the second junction, 
which is in the collector circuit, has a high 
impedance, power and voltage gain are possible. 
When an ac signal is applied to the emitter 
circuit, an amplified ac output is obtained from 
the collector circuit. 

In this experiment the collector current is 
determined as a function of the collector voltage 
and the emitter bias. This is most readily ob- 
served by placing the characteristic curves on an 
oscilloscope. The circuit parameters 


OH 0% 
a.-—(—) and a.=—(—) 
Ol. Ve 01, Ve 


are obtained. The power gain and the collector 
saturation current are also determined. 

In the second part of the experiment, a very 
interesting investigation of floating potentials 
is made. It is found that if the collector circuit 
is Open circuited, the m-region on the collector 
side will have almost the same potential as the 
n-region on the emitter side when the emitter 
bias is varied. This observation is in accord with 
the theory. 


CONCLUSION 


All of the experiments which have been dis- 
cussed were developed by the Bell Telephone 
Laboratories. The presentation given here was 
not intended to explain the basic theory in- 
volved, but to briefly show the general scope 
of the experiments. Their true value can be 
fully appreciated only upon performing the ex- 
periments. We wish to thank the Bell Telephone 
Laboratories for the great help they have given 
teachers of transistor physics. 


A new discovery is important not only in itself, but for the whole new train of work and thought 
which is opened out by it. 
It must be the strength of the traveler and not of the guide that must conquer the difficulties of the 


journey.—Thomas Young, Natural Philosopher by ALEX Woop (Cambridge University Press, 
1954). 





Reproductions of Prints, Drawings, and Paintings of Interest 
in the History of Physics 


65. The Discovery of the Zeeman Effect 


E. C. Watson 
California Institute of Technology, Pasadena, California 


(Received February 19, 1954) 


This article reproduces and interprets three stained glass windows that have been installed 
in the Kamerlingh-Onnes Laboratory at the University of Leiden to commemorate the dis- 


covery of the Zeeman effect. 


EMORIALS in stained glass commemorat- 

ing scientific discoveries are few indeed. 

It therefore seems appropriate to reproduce in 

this series the interesting windows in the Kamer- 

lingh-Onnes Laboratory of the University of 

Leiden which commemorate the discovery of the 

Zeeman effect. | am greatly indebted to Dr. J. 

van den Handel for providing me not only with 

excellent photographs but also with most of the 
detailed explanation which follows. 

The magnetic resolution of the spectrum lines 
known as the Zeeman effect was discovered in the 
fall of 1896 and announced to the Amsterdam 
Academy on October 31st.!' A theoretical ex- 
planation was immediately given by Lorentz? 
and further experimental verification of the 
theory were announced on November 28th.’ 
Pieter Zeeman (1865-1943) was later Professor 
of Physics at the University of Amsterdam, but 
at the time of this discovery he was an assistant 
to Professor Kamerlingh-Onnes at Leiden and 
was working on the Kerr effect for his doctor’s 
thesis. As he himself has said, he was stimulated 
by the reading of Maxwell’s sketch of Faraday’s 
life to repeat Faraday’s vain attempt of 1862 to 
detect any change in the lines of the spectrum of 
a flame when under strong magnetic influence. 
The Rowland concave grating, invented in 1881, 
and more powerful magnetic fields were avail- 
able to him and as a result he succeeded where as 
remarkable an experimenter as Faraday had 
failed. Sir Oliver Lodge’s philosophical and rather 


1 ne Akad. Wetenschap Amsterdam 5, 181 (1896). 
2H. A. Lorentz, Phil. Mag. 43, 232 (1897). 
3 Verslag. Akad. Wetenschap Amsterdam 5, 242 (1896); 
Gia97), 6, 13, 99, and 260 (1897) and Phil. Mag. 43, 226 
1 . 
4 Pieter Zeeman, Nature 128, 366 (1931). 


humorous account of the discovery is probably 
worth repeating in spite of its length for the 
benefit of each new generation of physicists. In 
a lecture entitled, ‘‘States of Mind Which Make 
and Miss Discoveries,’’ delivered to the Institute 
of Metals,® he spoke as follows: 

‘‘The Zeeman effect, too, is rather instructive 
from my present point of view in its incipient 
stages. Larmor’s theory of radiation, before the 
era of electrons, had shown virtually that if a 
source of radiation were plunged in a magnetic 
field, the lines of the spectrum ought to be 
broadened, because a radiating atom would be 
influenced by any magnetic field in which that 
revolving or vibrating atom constituted an 
current. It was well known that an 
electric current was perturbed by magnetism, 
and this perturbation ought to show itself in the 
lines of the emitted spectrum. Instead, however, 
of getting an experimenter to try this with 
modern devices, that is, with a Rowland grating 
and a very strong field, Larmor—perhaps de- 
terred by the knowledge that Faraday without 
theoretical clue had looked for some such effect 
by the aid of prisms and other inadequate devices 
known in his day, and had failed to find it in 
spite of his experimental skill—Larmor, I say, 
proceeded in a state of mind which I may call 
that of super-theoretical knowledge, to calculate 
quantitatively how much effect was to be ex- 
pected ; i.e., how much could be expected from 
any reasonable field, acting, let us say, upon 
sodium light. He found it surpassingly small, 
and therefore gave up the quest. He had no 
idea at that time of anything smaller than an 
atom that was likely to radiate; and if it were 


electric 


5 Sir Oliver Lodge, J. Int. Metals 41, 1 (1929). 


633 





Be. 


HASCE Tar 
FELICISSIME NENT! ME 
EFFECTVS ZEEMANAN INCLARNIT 


CVM MAGNE LVOS Vv 


es ail 
A >| dae 


eS ——_ 


Fic. 1. Left-hand panel of Zeeman memorial window 
in the Kamerlingh-Onnes Laboratory at the University 
of Leiden (Courtesy of Dr. J. van den Handel). 


the whole atom that radiated, the effect of a 
magnetic field would be hopelessly small; for 
theory showed that it would depend on the ratio 
of charge to mass, and the mass of an atom is 
much too big: nearly 2000 times too big. 

“Zeeman, however, undeterred by _ super- 
theory and quite independently of it, proceeded 
to repeat Faraday’s old experiment by examining 
the spectrum of a sodium flame immersed in a 
strong magnetic field, by means of a Rowland 
grating. He found the effect—small indeed, but 
not null; the lines were slightly broadened ... . 

“This illustrates that an experimenter should 
seldom be deterred by a theoretical difficulty; 
for the data on which the theory is dependent 
may be erroneous. The theory mathematically 
may be right enough, but the data, the essential 
physical machinery, may be different from what 
had been anticipated. Zeeman’s effect was ob- 
servable because the radiating particle was a 
unit electric charge, and because the minute 
mass of the electron was soon afterwards 
brilliantly ascertained by Sir. J. J. Thomson; 
and so the outstanding difficulty was removed. 
The magnitude of Zeeman’s effect, in fact, 
proved that the electron was the real radiator— 
a far-reaching discovery applicable to light of 
all kinds. 

“Then came H. A. Lorentz, who applied his 
super-theoretical knowledge to an electron re- 
volving like an electric current in a magnetic 
field; and predicted that the lines should not 
merely be broadened but should be doubled or 
trebled according to the way the source of light 


WATSON 


was looked at, whether along the lines of force 
or across them, and further, that the lines would 
be polarized in certain definite fashion. Zeeman 
immediately proceeded to re-examine the phe- 
nomenon with still greater power, and verified 
every detail of Lorentz’s prediction, subsequently 
finding out many cther details about the lines— 
one of the sodium D-lines being quadrupled, 
and the other sextupled, for instance; all which 
is now explained by a further elaborated theory, 
and has become a part of modern physics.” 

This story is told symbolically in the three 
stained glass windows which are here reproduced. 
The left window (Fig. 1) shows Zeeman making 
the original discovery as reported on October 
31st (31 X). A sodium fiame stands between 
the polepieces of an electromagnet (lower right). 
The light beam traverses a slit (lower center) 
and is dispersed by means of a Rowland grating 
(lower left). The broadening observed is indi- 
cated in the upper center, while at the upper 
right a switch is shown. 

The central panel (Fig. <2) symbolizes the 
theoretical part of the work. Lorentz (center) 
postulated that an atom contains elastically 
bound moving charged particles (left) and de- 
rived the expression +3He/m for the broadening. 
From this concept he also derived the existence 
of a longitudinal and a transverse effect giving 
rise to a doublet and a triplet (extreme right). 
In the longitudinal case he predicted the differ- 
ence in circular polarization at the borders of 
the broadened line (the apparatus was not yet 
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powerful enough to show a splitting). Also he 
pointed out that it would be possible to calculate 
the ratio of the masses of the electron and the 
proton (to use the modern names). 

The right-hand panel (Fig. 3) shows the con- 
firmation of these predictions on the 28th of 
November (28 XI). A quarter-wave plate and 
a Nicol prism is inserted between the grating and 
the eyepiece. The ring with the divisions can be 
used for the adjustment of the quarter-wave 
plate. Zeeman can control the reversing switch 
(lower right) and the quarter-wave plate and 
Nicol prism while looking through the eyepiece. 
In one position of the Nicol and switch, one 
border of the broadened line is extinguished ; 
when the Nicol is turned through 90° or when 
the current through the magnet is reversed, the 
other border disappears. This is represented in 
the two semicircular diagrams at the lower left. 

The Latin dedication above the panels may 
be freely translated as follows: ‘‘These panels 
have been dedicated to Peter Zeeman; they 
commemorate the fortunate discovery which 
became known as the Zeeman effect and which, 
together with the ideas on light conceived by 
Lorentz, contributed to experimental and theo- 
retical research and offered a glorious example 
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Fic. 3. Right-hand panel of Zeeman memorial window 
(Courtesy of Dr. J. van den Handel). 


of the power of cooperative efforts in lifting the 
spirit; presented and dedicated by H. Kamer- 
lingh-Onnes on the same day, the eve of the 
kalends of November, on which twenty-five years 
earlier, these discoveries were published; H. 
Kamerlingh-Onnes caused these panels to be 
painted and installed in the very place where 
the cradle of the Zeeman effect stood. Leiden, 
October 31, 1921.” 

As indicated in the upper left hand corner of 
the third panel, the artist was Harm K. Onnes, 
Professor Kamerlingh-Onnes’ nephew. 


New Members of the Association 


The following persons have been made members or junior members of the American Association of Physics 
Teachers since the publication of the preceding list [Am. J. Phys. 22, 506 (1954) ]. 


Active Members 


Avery, Madalyn, 
Kansas 

Baranelli, Michael, 106 Cotton Street, Birmingham 11, 
Ala. 

Burkart, Robert P., 2175 35th Street, Los Alamos, N. M. 

De Vol, Lentz Cline, Route 2, Valparaiso, Ind. 

Grace, Alonzo Gaskell, Jr., 92 Vernon Street, Hartford, 
Conn. 

Guindon, William Gartland, S. J. (Rev.), Boston College, 
Chestnut Hill 67, Mass. 

Hall, Freeman Franklin, Jr., 
Granada Hills, Calif. 

Lane, George H. Jr., Box 653, Route 2, Lancaster, Pa. 

Marks, Kenneth Isaac, Main Street, Richland, Pa.° 


Kansas State College, Manhattan, 


15931 Harvest Street, 


Meyer, Frederick Roosevelt, 227 Church .Street, New 
Haven 14, Conn. 

Reese, Warren E., 1108 North 6th Street, Reading, Pa. 

Reitz, Robert Alan, Department of Physics, Carleton 
College, Northfield, Minn. 

Schwartz, Manuel, 425 South College Street, Tulsa, Okla. 

Sherrill, Charles Irby, III, 1204 Jasmine Street, Denver, 
Col. 

Stone, Samuel A., 12 Patton Avenue, Somerset, Mass. 

Stroup, Richard Eugene, 1417 South Avenue C, Portales, 
N. M. 

Thomas, James Jr., 6116 Bradley Boulevard, Bethesda, 
Md. 

Trivus, Sidney, 1305 South Federal Avenue, Los Angeles 
25, Calif. 


(Continued on page 654) 
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Encouraging Students to Choose Intelligently an 
Arbitrary Parameter in an Elementary 
Laboratory Experiment 


F. H. MITCHELL 
University of Alabama, University, Alabama 


TUDENTS often blame their apparatus, rather than 
their judgment, for poor results. The simple mag- 
netometer affords a good introduction to the analysis of 
apparatus in terms of expected uncertainties, because there 
is involved the arbitrary selection of an important 
parameter. 

The standard experiment in the elementary laboratory 
consists of the determination of the horizontal component 
H of the earth’s magnetic field. The value of H is calculated 
by the solution of two simultaneous equations in the un- 
knowns H and M (the magnetic moment of the 
bar magnet). The first of these equations, involving the 
use of the bar magnet as a torsion pendulum, requires no 
comment. But, in the experimental setup for obtaining 
data for the other equation, the student has a real oppor- 
tunity to exercise judgment. The instructions are usually 
about as follows: measure the angle @ (Fig. 1) four times 
for a given distance x; this is done by making two readings 
of @ with the bar magnet East of the compass needle (by 
reversing the magnet end for end), and two readings in 
the same way with the magnet West of the compass. The 
value of @ to be used in the calculation is the average of the 
four. 

The parameter left to the discretion of the student is 
the value of x. Some students will select a small value of 
x, producing a value of 6 nearly 90°. Others will place the 
magnet far enough away to make the angle @ nearly zero. 
Most will not worry about it at all, but choose ‘‘any”’ value 
of x, provided only that something comes out ‘‘even.”’ 

If the instructor is willing to devote a few minutes to 
the encouragement of experimental skill and simulta- 
neously reduce by a small amount the degree of “‘cook 
book” procedure, he can present a quite simple (indeed, 
over-simplified) error analysis. An inspection of the appa- 
ratus will usually bring unanimous agreement that @ is 
the most uncertain quantity to be measured, since the 
compass needle is small and the protractor correspondingly 
small. Student estimates of the uncertainty are of the 
order of 1° to 5°. For the moment, avoid the question of 
uncertainty in any other data. 

The equation for tan@ for the Gauss A position is 
supposed to have been learned. Explain that the approxi- 
mation tan@d =2M/Hx° is valid in the error analysis, even 
if it is not always sufficiently accurate for the actual calcula- 
tion of H. Therefore, the problem reduces to the evaluation 
of x’ tan@, and the question arises as to the optimum value 
of @. The following four analyses are given without com- 
ment, and each student is asked to select what he considers 
the best choice. 


(a). Since it is the fractional error in 6 that is important, 
6 should be as large as possible, and therefore x should be 
as small as possible. For example, if @ is near 90°, a 2° error 
is only about 2 percent. 

(b). The rate of change of the tangent is smallest at 
6=0. Therefore, @ should be as small as possible, and x 
as large as possible. Quantitatively, d(tan@)/d@=sec’@, and 
this is a minimum at @=0. 

(c). It is not 6, but the rate of change of @ with x, that is 
important, and this rate of change should be a maximum 
for best accuracy. Thus, we have x* tané=constant, from 
which 3x? tanédx+x* sec?9d@=0. Solve for d@/dx, then 
find d*0/dx* and set it equal to zero. The result becomes 
tané=v2, from which 655°. Therefore, we should adjust 
x so that @ is about 55°. 

(d). Since it is tan@ that enters the equation, we 
should make the fractional change in tan@ a minimum. 
That is, the error is d(tan@)/tan@=(2d@)/sin20. This 
quantity is obviously a minimum when @=45°. 

The ensuing discussion should prove lively, since the 
reasoning involves what students like to call “common 
sense,” which most first-year students think they have 
much of. If the majority of the class is finally convinced 


Fic. 1. A bar magnet NS 
causes a deflection @ of a mag- 
netometer needle which would 
otherwise lie in the direction of 
the earth's field H. 


that choice (d) is superior, it becomes simple to predict 
the error to be expected from a given error in 6. Thus, when 
6=45°, the fractional error in tan@ becomes 2d6, or about 
3.5 percent for each degree error in 0. If 2° is accepted as 
the expected error, the resulting error in M/H is some 
7 percent. 

The analysis has assumed that the uncertainty in x is 
relatively small. This will be true in general if the moment 
of the bar magnet is not too small. In the usual experiment, 
x will be about 20 cm for 6=45°. A 1-mm error in deter- 
mination of x will cause about 1.5 percent error in x*. Thus, 
the assumption that @ is likely to be the critical measure- 
ment was justified. 

For students with slightly more mathematical maturity, 
the matter can be summed up in more general form. Let 
x’ tané = f(x,@). Then, we require that df/f shall be a 
minimum. Therefore, we have 


a a 3 2 
df) f-= ax) f+ a0) f=-de+——ao, 


The details of the treatment follow directly from this 
equation. 


636 





AMERICAN JOURNAL OF PHYSICS 


VOLUME 22, 


NUMBER 9 DECEMBER, 1954 


LETTERS TO THE EDITOR 


A Philosophy of Demonstration Experiments 


N this paper I discuss an attitude regarding demon- 

stration experiments—a point of view—or, quite 
properly, a philosophy. My remarks grow out of observa- 
tion and out of discussion with teachers and students. The 
problem is best delineated by relating the following 
episode. On a certain day I encountered a professor examin- 
ing a demonstration arrangement which had been set up 
for him. He pondered over the equipment and finally com- 
mented, ‘‘I don’t believe I shall use it after all. It didn’t 
work too well the last time.’’ At this place I hesitatingly 
suggested that it was still a good demonstration, even if it 
did not work. Indeed, I dared to suggest that it served a 
better purpose by not working. But the professor was 
adamant in his own position. ‘‘No, indeed,” he countered, 
“the experiment must demonstrate a principle and if it 
does not work it is useless.’’ This scene gives us the point 
of departure for this note. 

We are agreed that a demonstration is intended to show 
a certain phenomenon. We discuss the situation on the 
blackboard ; we show a diagram; we establish what happens 
mathematically. If, now, we reproduce this pictorial and 
linguistic arrangement physically we are in a position to 
predict how nature will behave. But the requirements of 
nature are painfully demanding. Unless we fulfill her every 
requirement the experiment either fails or is at best a gross 
approximation. If the experiment succeeds and if our pre- 
diction is fulfilled, we acquire quickly a smug sense of 
satisfaction, but, quite frankly, we have no more than we 
expected. But this success is, in my opinion, like that borne 
out by the classical phrase. The operation was a success 
but the patient died! By this I mean that invariably the 
student ceases to think about the experiment. He knew 
what was expected and it happened. There is not much 
really exciting about that, unless, of course, you have a 
measure of drama in your soul and every experiment stirs 
you inside. Unhappily, few students have this “‘feel’’ for 
the phenomena of nature and far too few teachers play up 
the drama which so abounds in nature. An experiment 
which always works is indeed a good experiment, but I 
make a case here for that demonstration which does not 
always work. In truth, I prefer often to allow the demon- 
stration not to work, whereupon we are required to explain 
its failure. Invariably much more physics is encountered 
if it does not work. At least the student is incited to some 
thinking. In addition, certain physical phenomena are 
often revealed when a demonstration fails to work as pre- 
dicted, phenomena which would be altogether obscured 
had the demonstration worked. 

There is now another point of view which I feel stirred 
to make regarding demonstration experiments. This has 
been spoken of before. It is this: a demonstration is for the 
student. Too often—much much too often—the professor 
shows the demonstration and talks the demonstration as 


if the student knew a goodly bit about it already. This is 
not so. I have examined the situation I here report on and 
the evidence abounds that students generally leave a 
demonstration not too certain of what happened. The 
professor either takes too much for granted and leaves too 
much unsaid or he talks mostly to himself—in a monotone 
that wants for life—or the students cannot see what is 
going on. It is regrettable that so much effort and time 
and labor are wasted on the professor! 

As evidence of what I mean let me report on my findings 
by way of one case. I have made it a habit, over the years, 
to have on my desk a tall glass cylinder partly filled with 
water and in which resides the classical Cartesian driver. 
A rubber membrane is drawn across the top and the gadget 
irresistibly and unerringly invites a visiting student to 
“play with it.’’ Invariably I put some leading question 
which brings from the student some reply as “It’s really 
interesting, isn’t it, how that thing goes down.’”’ What 
astonishes me is that not too many students tell me 
precisely what sends the diver down. They have all seen 
the device. Hardly a professor lives who has not shown it. 
But few, very few, know the mechanism by which it sinks. 

The moral of all this is clear. A demonstration must be 
prefaced by a clear statement of what we have in hand, 
what we propose to do with it, what forces act and what 
results we can expect. And all must see it—not just those 
in the front row! If now, a bit of guile and deception can 
be introduced so that predicted results do not at first 
appear, all the better. Indeed, if the experiment possesses 
intrigue of its own, that is, if its performance cannot be 
predicted with irrevocable law, the professor should still 
show it. It is more interesting this way. 


i JuLius SUMNER MILLER 
El Camino College 


El Camino College, California 


Millikan Oil-Drop Experiment— 
A Demonstration Model. 


DEMONSTRATION model of the famous Millikan 

Oil-Drop experiment was exhibited at the Iowa 
Colloquium of College Physicists. The role of the oil drop 
was played by a helium-filled balloon. The condenser was 
a box-like affair with plexiglass walls on three sides } meter 
high and with top and bottom plates of 24-gauge sheet 
metal 2 ft square. The potential difference between the 
plates was variable from 1000 to 10000 volts, obtained 
from an rf oscillator and rectifier. 

The operation of the demonstration is delicate in that 
both the weight of the balloon and the charge on the balloon 
must be carefully adjusted. In free fall the balloon may 
either rise or fall slowly, about 5 cm/sec. A thread may be 
laid on top of the balloon or part of the neck snipped off 
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as a last minute weight adjustment. The charge on the 
balloon must be rather small or the image force will hold 
it to either plate. The charge is about right if the balloon is 
attracted slowly toward the hand held 1 or 2 inches from 
the balloon. Moreover, space for maneuvering the balloon 
is desirable because the equilibrium is unstable due to 
the image forces. 

A measurement of the free fall velocity, the radius of 
the balloon, and the equilibrium potential yields the charge 
on the balloon, which may turn out to be several million 
electrons. Obviously the addition of 1 or 2 electrons can 
not be detected, but this difficulty only serves to emphasize 
the genius of Millikan’s experiment. 


ARTHUR G. ROUSE 
St. Louts University 


St. Louis 3, Missouri 





Terms of Statistical Mechanics 


HE term statistical mechanics was used by Gibbs to 
designate the determination of thermal properties 
of systems by means of ensembles of systems. Since the 
publication in 1902 of his now-classic work, the terms 
canonical ensemble and microcanonical ensemble have been 
generally used by workers in the field. The quantum- 
mechanical analog of the classical canonical ensemble 
has also been designated by Gibbs’ terms, as is illustrated 
by the writings of J. von Neumann and Dirac. It is there- 
fore surprising to find new terminology introduced in a 
recently published Elements of Statistical Mechanics, by 
D. ter Haar. This author uses the term macrocanonical as 
replacement for Gibbs’ generally accepted term canonical. 
It may be argued that this departure from long-estab- 
lished and current practice disregards the historic rights 
of an individual to name his own discovery, and will confuse 
students who wish to consult other works in the field. 
Additionally, the new terminology is not suited to the 
subject. 

It may be presumed that Gibbs used the term canonical 
ensemble in order to indicate a preferential status. A canon- 
ical ensemble consists of a continuous distribution of 
systems that is defined by an exponential function of the 
energy. The practical value of the canonical ensemble 
resides in the circumstance that for systems of many 
degrees of freedom it substitutes for an ensemble in which 
all systems have the same energy. The latter ensemble 
Gibbs called microcanonical, a term compounded out of 
micro and canonical, and which expresses the fact that a 
canonical ensemble can be viewed as constituted of 
microcanonical ones. 

Dr. ter Haar has now created a new class of canonical 
ensembles in which he distinguishes between macrocanon- 
ical and microcanonical ensembles. It may be conjectured 
that this new terminology has been patterned after the 
distinction between macroscopic and microscopic, which 
was made current by Lorentz and Planck. But the systems 
included in canonical and microcanonical ensembles by 
Gibbs are all macroscopic systems and hence the usual 
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distinction between macro and micro is not applicable 
thereto. In fact, one mode of interpreting the canonical 
ensemble is to view it as an ensemble of subsystems of a 
microcanonical one. Also, one would expect from the new 
terminology that since canonical ensembles occur in two 
types, as designated by the prefixes macro and micro, the 
microcanonical ensemble would be the Maxwell-Boltzmann 
distribution of molecules within an individual system of 
an ensemble. 

In addition to the inappropriateness of the new termi- 
nology, its application is not consistent. Dr. ter Haar gives 
much space to ensembles in which systems have a variable 
number of particles. Such ensembles were called grand 
ensembles by Gibbs, in order to distinguish them from 
petit ensembles in which systems have a fixed number of 
particles. Dr. ter Haar retains the term canonical grand 
ensemble of Gibbs. But if the canonical petit ensemble is 
to be called macrocanonical, it is difficult to see why the 
term macrocanonical is not applied to the canonical grand 
ensemble as well. Indeed, the term macrocanonical might 
seem more appropriate for the canonical grand ensemble, 
since it in turn can be conceived as an ensemble of canonical 
petit ensembles. 

It would appear that Gibbs’ generally accepted terms 
and distinction between canonical and microcanonical 
ensembles should continue in use. 


V. F. LENZEN 
University of California 
Berkeley, California 





Terminology of Statistical Mechanics 


R. LENZEN!' objects to the introduction of the term 
macrocanonical for ensembles called by Gibbs and 
the majority of other authors canonical. I would like to 
use the opportunity afforded me by the Editor of the 
American Journal of Physics to answer Dr. Lenzen’s argu- 
ments and at the same time to give the reasons for the 
introduction of this new term, which I have used before.? 
The introduction of a new term does not seem to me 
to be a major crime and it is interesting to note that Gibbs 
himself was guilty of this act when he introduced the now 
standard term microcanonical for the energy shell or ergodic 
ensembles which had been introduced by Boltzmann and 
Maxwell (for an account see the review article of the 
Ehrenfests).® 
In using the term macrocanonical I followed my teacher, 
H. A. Kramers (and possibly Ehrenfest). The distinction 
between macrocanonical and microcanonical ensembles is 
not patterned after that between macroscopic and micro- 
scopic, but after Gibbs’ distinction between grand and 
petit ensembles. Just as the transition from grand to petit 
ensembles is due to a restriction of the number of particles 
to a fixed value, so the transition from macrocanonical to 
microcanonical ensembles is due to the restriction of the 
energy to a fixed value. 
A second point is that the use of canonical instead of 
macrocanonical is not quite logical if one considers the 
connection with microcanonical ensembles. The prefix 
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micro- usually indicates small, but a microcanonical is not 
a small (macro) canonical ensemble. 

I do not think that the term macrocanonical is likely to 
confuse students. I have been careful to point out that 
macrocanonical ensembles are usually called canonical 
ensembles. 

As to the canonical grand ensembles, a moment's re- 
flection will show that for physical reasons grand ensembles 
will never be microcanonical. The adjective canonical 
describes this kind of ensemble adequately, even though the 
use of the term macrocanonical might have been more 
consistent. 
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In conclusion I should like to stress that I do not con- 
sider the introduction of the term macrocanonical of great 
importance and if the majority of physicists in the field 
agree with Dr. Lenzen I shall be glad to toe the line. I 
would like to thank Dr. Lenzen for giving me the oppor- 
tunity to give the reasons for introducing this term. 


D. TER HAAR 
St. Andrews University 


Scotland 


1V. F. Lenzen, Am. J. Phys. 22, 638 (1954) (preceding letter). 

2D. ter Haar, Proc. Roy. Soc. (London) A212, 552 (1952). 

’P, Ehrenfest and T. Ehrenfest, Enzykl. Math. Wiss. 4, part 32 
(1911). 





AMERICAN JOURNAL OF PHYSICS 


VOLUME 22, 


NUMBER 9 


DECEMBER, 1954 


ANNOUNCEMENTS AND NEWS 








Training of College Physics Laboratory 
Assistants 


PPROXIMATELY forty men representing thirty- 
four universities and colleges in the United States met 
at Northwestern University for a two-day conference, June 
25 and 26, 1954, to discuss the training of gradiate student 
laboratory assistants. Nearly all the men present were 
physics department staff members who are responsible for 
the work of the college physics laboratory at their re- 
spective universities. 

The first session was devoted to the topic, Our Present 
Training Procedure. Papers were given by representatives 
from Pennsylvania State University, Case Institute of 
Technology, University of Southern California, University 
of Minnesota, Massachusetts Institute of Technology, and 
Northwestern University. These papers were followed by 
reports prepared by the laboratory assistants, at the last 
three colleges mentioned, on, How Does This Training Meet 
the Needs of the Laboratory Assistants? The purpose of this 
program was to give the participants a picture of the 
present procedure in laboratory training and the reaction 
or viewpoint of the assistants receiving this training. 

At the first luncheon meeting, Professor B. J. Under- 
wood, a member of the Northwestern University Psy- 
chology Department spoke on The Student, the Experiment, 
and the Laboratory Assistant. Two papers were presented, 
in the afternoon session, each followed by group discussion. 
The first of these was, What Purpose Does the College 
Laboratory Serve? by Professor V. E. Eaton of Wesleyan 
University, essentially a report on a session of the Iowa 
Colloquium held a week earlier. The second paper, by 
Professor Eric Rogers, of Princeton University, was 
titled, It’s Your Experiment. He discussed a laboratory 
procedure in which the student plans his own attack on a 
specific laboratory problem. 

The dinner meeting was planned to give the participants 
in the conference the viewpoint of the college administrator 
with reference to laboratory problems. Dean T. H. Osgood 


of the Graduate School of Michigan State College spoke on, 
An Administrator Examines Laboratory Instruction. Pro- 
fessor O. W. Eshbach, Dean of the Northwestern Techno- 
logical Institute from 1939 to 1953, discussed the subject, 
The Purpose of the College Physics Laboratory in Engineering 
Education. 

The second morning session was a panel discussion by 
representatives from the Georgia Institute of Technology, 
and Stanford, Yale and Notre Dame Universities on, The 
Content of the Training Program, namely, what do we 
consider essential topics to be discussed in the training 
sessions with the laboratory assistants? This was followed 
by a group discussion on special problems submitted in 
advance by the participants. Two major reports were 
given. Professor W. C. Kelley, of the University of Pitts- 
burgh presented a paper on Cooperation and Incentives in 
the Training of Graduate Assistants in Physics, and, Pro- 
fessor P. Kirkpatrick, of Stanford University discussed, 
The Selection of Laboratory Assistants. 

The paper at the second luncheon meeting was given 
by Professor M. W. White of Pennsylvania State Uni- 
versity, President of the American Association of Physics 
Teachers. He spoke on, Organized Laboratory Manuals as 
Aids for Training Assistants. The final afterrroon session 
included a panel discussion by representatives from the 
University of Virginia, Northwestern University Tech 
Institute, Texas A and M, and the University of California: 
Procedure and Recognition of the Training Program and a 
Report on the Committee on Conclusions, given by the chair- 
man of the committee, Professor S. C. Brown of Massa- 
chusetts Institute of Technology. 

A comprehensive report of this conference including 
major portions of the prepared papers and the group dis- 
cussions is in the process of preparation. A limited number 
of copies will be available for free distribution. Requests 
should be directed to Dr. C. J. Overbeck, Department of 
Physics, Northwestern University, Evanston, Illinois. 
These proceedings and a portion of the expenses of the con- 
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ference were financed by a grant of the National Science 
Foundation. 

In the selection of universities to participate in this 
conference an attempt was made to contact indirectly the 
largest number of assistants by inviting the physics staff 
member responsible for the college laboratory work from 
those colleges having the largest enrollment in College 
Physics. A good geographical distribution in the United 
States was a second consideration. 

Some of the conclusions gathered from this group 
indicate that the most common present practice is for 
the staff member in charge of the laboratory to have one- 
hour. weekly meetings with his assistants to discuss labora- 
tory problems and procedures. Thus, the novice teachers 
are given suggestions and help in their new job of teaching 
students. 

Approximately one-third of the colleges represented also 
hold a series of meetings with the assistants, covering 
one to five days, in the week prior to the beginning of 
classes. It was the conclusion of the conference that more 
time should be used for this purpose in the interest of im- 
proving the laboratory work. 

Only a few colleges hold post-term meetings with the 
assistants to analyze the problems of the preceding term. 
This is another area of our present practice that needs 
improvement. 

The student load per instructor in the laboratory was 
found to vary from a minimum of twelve to a maximum 
of about thirty. The most usual load is twenty students 
per instructor in the laboratory. A higher ratio was con- 
sidered unsatisfactory educationally. The difficulty of ob- 
taining good staff was expressed as the main reason for 
the higher ratio. 

Four of the most common criticisms of the content and 
procedure of our present training program and laboratory 
practices appear to be: 

(a) We do not have a clear idea of the prime goal of 
operating laboratories. What justifies the time, the energy, 
and the cost of laboratory work? This question is re- 
peatedly asked by both the assistant and the student. A 
series of recognized goals were presented and evaluated. 
The two which ranked highest were: “‘A better and longer 
lasting understanding of physical principles,’’ and ‘Ex- 
perience with and appreciation of the various methods 
used in experimental science.”’ Certainly we need to know 
the goals to help effectively direct our efforts in the 
laboratory. 

(b) We permit the laboratory assistant to conduct the 
laboratory work without insisting that he be thoroughly 
familiar with the experiment, the apparatus, and the pro- 
cedure. In a check of present practice it was noted that 
of the universities and colleges represented at the con- 
ference only three required and checked to see that all 
teaching assistants did the laboratory experiment before 
directing it in the laboratory. Twenty-one additional 
colleges requested that the laboratory assistants do each 
experiment before conducting it but did not check to see 
that this request was carried out. A few colleges indicated 
that they did not request their laboratory assistants to 
perform the experiment before meeting the laboratory 
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class. It is interesting to note that after this matter was 
discussed, twenty of the representatives present indicated 
they planned in the future to emphasize much more 
strongly this particular requirement. Several excellent 
methods of handling this problem were discussed in the 
conference. One in particular not only insured that the 
assistants became familiar with the experiment but also 
provided data to determine how the apparatus worked, 
its limit of accuracy, etc. 

(c) We fail to develop an esprit de corps in our group of 
assistants. It is most necessary that we show the labora- 
tory assistant that his work in the laboratory is an im- 
portant part of the educational process. He must feel that 
what he is doing is important or his efforts become per- 
functory. He should be asked to take part, as a regular 
member of the teaching group, in the administration and 
the planning of the laboratory work. 

(d) Too little attention is given towards helping the 
assistant correct his errors and improve his work from 
term to term. A method of evaluation of this work, now 
successfully used by several colleges, was discussed. This 
received enthusiastic comment. The representatives from 
other colleges indicated that they planned to try this 
method. 

Many general problems which have a bearing on the 
theme of the conference were also discussed. These 
included: 


Selection of good teaching assistants. 

Pay increases for demonstrated superior performance. 
Promotion to recitation work. 

Teaching by asking questions. 

Academic credit. 

Uniformity of grading. 

Student-instructor relationship. 

Training by observation. 

Conduct of laboratory work by senior staff members. 


The spirit of the conference was excellent, the discussions 
were informal and vigorous. They were not without humor, 
yet the theme and business of the conference were main- 
tained. The expressions of the participants indicated that 
our thinking together and sharing of experiences during 
those two days provided solutions to many of their 
problems. We hope that through the Proceedings many 
others, who could not be with us, may share in this 


experience. 

C. J. OvERBECK 
Northwestern University 
Evanston, Illinois 





Book Reviews 


Physics of Experimental Method. H. J. J. BRApDICK. 
Pp. 404+ xx, Figs. 148. John Wiley & Sons, Inc., 
New York, 1954. Price $7.00. 

The book of H. J. J. Braddick, well known by his re- 
search in the field of cosmic rays, is intended to teach the 
student some of the principles of experiment, that is, the 
technique of measurements and their mathematical evalua- 
tion. A book of about 400 pages is not expected to cover 
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the ground in the exhaustive style of a handbook. Instead 
it wants to give a survey of the available techniques to 
the senior or first-year graduate student and train him in 
the understanding of such techniques. This is the meaning 
of the title, which to some American readers may not 
convey a clear idea of the book’s purpose. 

The book begins with a treatment of errors (23 pages). 
This is followed by an appendix, contributed by J. Maddox, 
on numerical calculations. Entirely different is the character 
of the next sections on mechanical design and materials 
(88 pages). Every beginning research student who worries 
about instrumentation should study these extremely useful 
sections before he starts building apparatus. If the same 
inexperienced student wants to produce high vacuum, he 
will study the next 34 pages on vacuum technique, but 
will do well to search more comprehensive books for the 
indispensible detailed advice. 

The reviewer feels that the next sections on electrical 
measurements (27 pages) and electronics (48 pages) are 
less needed considering the abundance of books and special 
courses on these subjects. In a second edition it may be 
desirable to give more numerical advice. 

The chapter on optics is full of useful, practical advice 
on optical instruments and the technique of photography. 
Of great interest is the section ‘‘Natural Limits of Measure- 
ments,” which introduces the beginner to the problem of 
noise. The last 50 pages on ‘“‘Some Techniques of Nuclear 
Physics” include a discussion of nuclear track emulsion in 
addition to the obvious topics. 

Very useful are the numerous surveys given by tables, 
for example, on the combination of errors, loaded beams, 
solders, insulators, light sources, photographic lenses, types 
of glass, and other topics. 

The mathematical sections of the book are so concise 
that the student may be inclined to consult additional, 
more extensive books. Eight pages of references help the 
student to find such additional advice. The book, which 
originated from a lecture course given at the University of 
Manchester, will be very useful to many beginning experi- 
mental physicists. A foreword is written by P. M. S. 
Blackett. 

OtTTo OLDENBERG 
Harvard University 


Elements of Statistical Mechanics. D. TER Haar. Pp. 
468+xix. 23X15cm. Rinehart and Company, New 
York, 1954. Price $8.50. 


The author of this book is an enthusiastic young theo- 
retical physicist from Leiden, Holland, who spent a year 
or more at Purdue University, and is now located at St. 
Andrews University, Scotland. The text of the book was 
started in Leiden during World War II, continued at 
Purdue and completed at St. Andrews. Large parts of the 
book are based on lectures given at Leiden by Professor 
Kramers, and much of the material goes directly back via 
Ehrenfest to Boltzmann. The book is intended as a text 
for graduate students and as a research tool; it is in general 
too advanced for an introductory course in the U. S. A., 
but will be an excellent source book for Ph.D. candidates. 
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The work is divided into four parts. Part A contains a 
rather rapid review of the more elementary parts of 
statistical mechanics up to and including the Bose-Einstein 
and Fermi-Dirac statistics of independent particles. Part B 
is devoted to ensemble theory, including petit and grand 
ensembles, and ensembles in quantum statistics. This last 
topic is discussed directly in terms of the von Neumann 
density matrix and the Klein-Jordan-Wigner number 
operators, which are assumed to be already well-known to 
the student. Part C, Applications, covers a wide variety 
of fields, The chapter on the Equation of State contains a 
very useful outline of the classical theory of a nonideal 
gas, the second and third virial coefficients, and the law 
of corresponding states; the same topics are discussed in 
detail for quantum statistics, with a special section on the 
equation of state for helium gas. Under the heading 
“Condensation,”’ is a discussion of the Einstein condensa- 
tion and its relation to the lambda transition in liquid 
helium, an account of the liquid drop or cluster theory of 
condensation, and a very brief statement about the Mayer 
theory. The account of the liquid drop theory is the more 
welcome because it is based on a particular form of the 
theory published in a Norwegian journal and not easily 
accessible to general readers in the U. S. There are two 
brief chapters on the elementary theory of electrons in 
metals and on semiconductors. The chapter on coopera- 
tive phenomena, besides the familiar discussion of order- 
disorder problems, includes a discussion of the Lennard- 
Jones and Devonshire theory of melting, and some exact 
results for the two-dimensional square lattice. Three short 
but illuminating chapters on statistical methods in nuclear 
physics, the origin of the chemical elements, and the 
theory of rubber elasticity complete this part. There are 
over one hundred pages of appendices, most of which one 
feels might easily have found a place in the body of the 
text. An excellent discussion of the H-theorem and the 
ergodic hypothesis including both classical and quantum- 
statistical approaches, occupies fifty pages; there is a brief 
but useful summary of the theory of irreversible processes, 
a short discussion of Nernst’s third law of thermodynamics 
and the chemical constants, and a short account of the 
Darwin-Fowler method of steepest descents. Appendix V 
discusses the quantum-mechanical theory of intermolecular 
forces. In Appendix VI are derived the basic statistical 
formulae valid when relativistic effects are not negligible. 
A Table of Physical Constants seems to have become a 
welcome addition to every physics text, and this one is no 
exception. The mathematical appendix contains little that 
would not already be familiar to any student sufficiently 
advanced to be able to read the main text mate- 
rial, but there is of course no harm in having it repeated 
here. There is a complete glossary of symbols. The latter 
are well chosen and the typesetting is excellent. A particu- 
larly acceptable feature of the book is the comprehensive 
set of bibliographical notes at the end of every chapter. 

In his preface the author asks that his reviewers will 
let him have the benefit of detailed criticism. The only 
major criticism that this reviewer has is a complaint over 
the absence of any set exercises for students; but since the 
work is not intended as a beginning course, this complaint 
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need not be given much weight. The author apologizes for 
the possible foreign flavor of his English. In fact his style is 
remarkably clear. It is true that the word order in one or 
two places does not conform quite with English usage; 
but there is no harm, surely, in this occasional reminder 
that we owe much to continental European culture for the 
development of this whole subject. 

In this reviewer’s judgment, ter Haar’s book is a 
worthy addition to the comparatively small number of 
good texts on statistical mechanics. 

WILLIAM BAND 
State College of Washington 





Acoustics. T. M. Yarwoop. Pp. 356+x, Figs. 160, 1420 
cm. St. Martins Press, Inc., New York, 1953. Price 
$3.50. 

The phenomena of acoustics are surveyed with re- 
markable completeness in this pocket-size book. Except 
for a few pages principally near the beginning and in the 
Appendix where the notations of trigonometry and differ- 
ential calculus appear, the descriptive aspects of acoustics 
are made fairly easy reading for the student with little 
mathematical experience. Some previous knowledge of the 
elementary terms of physics is required. Most necessary 
formulas, such as the one for the frequency of the vibrating 
string, are simply stated without proof. Some 200 questions 
graded as to difficulty appear at the end of the book. 

The final chapters on acoustics of buildings and noise 
and sound insulation (brief though they are) bespeak of a 
modern outlook on the subjects; the concluding plea for 
the interest of the young engineer in the problems of air- 
craft noise is certainly in order. The ultrasonic detection 
of flaws is described early in the book; immediately follow- 
ing is the intriguing story of how bats use sound to avoid 
obstacles while flying in the darkness. 

The first chapter may prove hard reading for the un- 
initiated because of the scope of subjects covered: trans- 
verse and longitudinal wave motion, intensity of sound 
(meters are said to be available for measuring intensity!), 
acoustic filtration, the ear and its sensitivity, microphones, 
sonic and ultrasonic sounds. These are not simply intro- 
ductory paragraphs, but contain details which one might 
expect to find with later discussions of related subjects. 

It is worthy to note that underwater sound is described 
more fully than has been customary in brief elementary 
texts in the past. Photographs illustrate the expanding 
bubble about an explosion, transducers designed especially 
for underwater use are described, and good accounts are 
given of echo sounding, the design of acoustic mines and 
sweeping such mines, and the detection of submarines. 

Microphones and loud-speakers receive rather paren- 
thetical attention. The concluding section in the chapter 
on the vibration of membranes, diaphragms, and plates 
is devoted to microphones. The only index entry on loud- 
speakers leads to the exponential horn which is concealed 
in a chapter which treats tuning forks on resonance boxes, 
open and closed pipes, end corrections, organ pipes, an 
electronic organ, and the theory of the resonator. 
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Frequency is noted as a fundamental property of wave 
motion, meriting a chapter of its own. Considerable space 
is devoted to the tricks of the nineteenth century, such 
as the monochord, siren, and falling plate. The quartz 
crystal, the electronic frequency meter, the frequency 
bridge, and counter circuits of the modern laboratory are 
overlooked completely and buried on the final page of the 
appendix is the brief description of the use of the cathode- 
ray oscilloscope for frequency comparison. 

The older history of acoustics is outlined reasonably 
well in regard to national origins. Current illustrations, 
however, seem unnecessarily restricted to the author’s 
own Britian. For example, only one type of electric organ 
is described, whereas descriptions of types which originated 
in other countries could well have been used to round out 
the story. The German part in the development of magnetic 
recording is ignored. Piezoelectric transducers for under- 
water use are described rather narrowly—‘‘The earliest 
kind of oscillator of this type was made of mica, but nowa- 
days quartz is generally used’’—in spite of the frequent 
use of Rochelle salt for this purpose. The Langevin con- 
tribution to echo sounding is not mentioned. 

Chapter VI on the characteristics of musical sounds 
starts out by noting that “frequency is an objective rate of 
vibration whereas pitch is a subjective sensation by which a 
listener classifies a note as high or low, and although the 
two terms are often used interchangeably it is possible for 
two pure notes of slightly different frequencies to have 
practically the same pitch. This is due to what is called 
the differential frequency sensitivity of the ear... .’’ It is 
curious that the Shower and Biddulph experiment is cited 
in support of the distinction between pitch and frequency, 
whereas the change of pitch which may accompany a 
change in loudness (frequency being held constant) is not 
mentioned at all. The items discussed under pitch hardly 
support the definition of pitch as an attribute of a sensa- 
tion: rather they are essentially physical phenomena, such 
as Doppler effect, interference of high frequency sounds, 
Aeolian tones, jet tones and the frequency ratios of musical 
scales. Often (unfortunately) throughout the book the 
word pitch appears as a substitute for the frequency of a 
physical vibration. 

The international standard for the frequency of the 
tuning A is said to be 439 cycles per second (it never was 
an international standard and not the British standard 
since 1939!), although in Chapter XI the A is given the 
correct frequency of 440 cycles per second. The myth of 
temperature dependence is perpetuated by ‘‘Since the 
pitch of a note generally alters with temperature it is of 
course necessary to define a temperature dependence when 
adopting a standard.” It is evident that the very complete 
story in British Standard 880: 1950 did not make its way 
to the author. 

Despite its shortcomings, this book is worthy of con- 
sideration in those elementary physics courses which extend 
over several semesters and which devote several months 
to acoustics. It should prove useful for elementary refer- 
ence work. 

RoBert W. YOUNG 
U. S. Navy Electronics Laboratory 
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Epstein, Saul T. Note on perturbation theory—613 


Faris, John J. (see Alpern, Mathew)—151(A) 

Ferguson, I. F. Photoelastic patterns without crossed polarizer and 
analyzer—495(L) 

Filz, O. J. New methods and techniques in shop and instrumentation 
—424(A) 

Fisher, Royal P. Detection of minute amounts of oil in water—425(A) 

Flood, E. A. (see Benson, G. C.)—550 

Foster, Howard J. (see Rempfer, Gertrude F.)—422(A) 

Frank, N. H. Responsibility of the physics teacher in engineering 
education—463 

Fraser, P. A. Ionization maintained in a gas before a thin plane uniform 
circular source of ionizing particles—220 

——Note on the multipole expansion of the scalar potential—37 

Freeman, Ira M. Rectangular plate pendulum—157 

Freier, George. Polarized particles—509 (A) 

-———and E. N. Mitchell. Wind tunnel experiment for general physics 
laboratories—581 (A) 

Freistadt, Hans. Axiomatic foundations of spinor algebra—580(A) 

Fritchle, Frank P. Table model Van de Graaff generator—580(A) 

Frood, D. G. Some elementary concepts in electrostatics—369 


Gale, Grant O. Theorems on centers of gravity—473 

——Weighted meter stick—350 

Geer, Willard. Shortage of engineers and scientists—238(L) 

Gerard, Brother H. Fresnel diffraction experiment for the advanced 
laboratory—345 (A) 

Gingrich, Newell S. Herbert Meredith Reese, 1873-1954—419 

Givens, M. Parker and Wendell V. Discher. Comments on the optics of 
birefringent crystals—379 

Glathart, J. L. Meeting of the Michigan Teachers of College Physics 
—506 

Gleason, Paul R. Space charge between parallel plates—408 (L) 

Goldberg, Philip A. Observation of short period fluctuations in the 
geomagnetic field—423(A) 

Green, Louis C. Review of Oscillator strength of ionizing transilions—497 

Green, Robert B. New examination of the laws of thermodynamics 
—191 

Greifinger, Carl. Review of Nuclear forces—415 

Griffith, W. C. and Walker Bleakney. Shock waves in gases—597 

Grinter, L. E. Physics for engineers in the mid-fifties—464 

Groves, Gordon W. Review of Waves and tides—153 

Griinbaum, Adolf. Review of Readings in the philosophy of science—498 


Hahn, E. L. Basic physical concepts of nuclear magnetic resonance 
—424(A) 


Ham, Lloyd B. Review of A laboratory manual of experiments in physics 
—98 

Hamtil, Charles N. Equivalence of the Clausius and Kelvin postulates 
—93 

Harmer, D. E. (see Nehemias, John V.)—511 


Harper, Joseph P. Some experiments for the advanced laboratory 
—150(A) 
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Harrington, E. L. Premedical courses in physics—advantages and trends 
—162 

Hartel, Lawrence W. Men of physics—508 (A) 

Hastings, R. B. Some experiments on ion-exchange membranes—346(A) 

Heilemann, John J. Motion picture of diffusion-type cloud chamber 
—424(A) 

——(see Snyder, Evan S.)—38, 430(A) 

Hendricks, Donald W. and D. M. Bennett. Combined physics-radiology 
program at the University of Louisville—152(A) 

Henshaw, Clement L. Laboratory teaching in general education courses 
—68 

Herzog, Arno and Dan McLachlan, Jr. Recording of x-ray diffraction 
patterns on spheres—33 

Hickman, Roger W., Edwin C. Kemble, and Leonard K. Nash. Allston 
Burr Lecture Hall, Harvard University—486 

Hill, E. L. Review of Methods of theoretical physics—410 

Theory of vector spherical harmonics—211 

Hilton, Wallace A. Capacitance and voltage relationships—146 

——Telling physics to the public—42 

Hitchcock, Richard C. Oscilloscope pictures of intermodulation dis 
tortion—187 

Hoffman, Banesh. Auxiliary networks and Kron's transformation 
formulas—569 

Horton, C. W. Review of Electricity and magnetism—241 

Howard, F. T. Model for demonstrating the motion of ions in a cyclotron 
—422(A) 

Howard, R. A. Application of matrix algebra to electric networks—93 

Howe, P. L. and I. R. Nielsen. Method of exhibiting sound diffraction 
patterns—478 

Howey, Joseph H. Solution of problems by fundamental relationships 
—422(A) 

Hoxton, L. G. Demonstrations with watches on bifilar suspensions 
—431(A) 

——‘Ratio of specific heats’’ and thermodynamics—429 (A) 

Hoyt, Frank C. Review of Methods of mathematical physics—241 

Hoyt, G. D. Origin of the magnetic field of the earth—422 (A) 

Huff, Robert W. Slide rule solution of certain exponential equations 
—570 

Hull, Gordon Ferrie. Derivation of E =mc? from Maxwell's formula for 
the pressure of light—429(A) 

Hummel, A. D. Simple demonstrations—431 (A) 

Hurlbut, James F. Survey of scintillation methods of radiation detection 
—507 (A) 

Hutchisson, Elmer. Performance measurement in education—431 (A) 





Ikenberry, E. and W. A. Rutledge. Teaching of electric circuits and 
dual electric circuits—437 

Iona, Mario. Meeting of the Colorado-Wyoming Section—507 

Neutron experiments for the undergraduate laboratory—507 (A) 





Jacobs, J. A. Review of Relaxation methods—501 

Jen, C. K. Classical model for rotational magnetic moments in molecules 
—553 

Jensen, Harald C. Large demonstration atomizer—99 

Johnson A. Frances. Meeting at Minneapolis, June 28-30, 
program and abstracts—577 

(see Bulliet, L. J.)—582(A) 

Jones, Robert N. Student refractometer—490 


1954, 





Kantor, Wallace. Inertia of energy—528 

Keenan, Joseph H. Report of activities of the Committee on Engi- 
neering Education—156 

——Systems of units in mechanics—572(L) 

Kelly, W. C. Professor O. H. Blackwood—340 

Kemble, Edwin C. (see Hickman, Roger W.)—486 

Kerman, Ralph O. (see Bradley, George E.)—334 

Kirkpatrick, Paul. Binocular illusion—493(L) 

——On looking through a glass plate obliquely—451 

Kittel, C. Effective mass of electrons in crystals—250 

Klamkin, Murray S. On vector sums and products—159 

Knauss, Harold P. Hydrodynamic models of radioactive decay—130 

——Review of Introduction to electric theory—414 

Knipp, Julian K. Review of Nuclear theory—348 

Ko, Howard (see Bliih, Otto)—306 
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Kofsky, Irving L. and Kenneth W. Sherk. Changing vectors—344(L) 

Konradi, Andrew. Investigation of the variation of beta- and gamma- 
ray absorption coefficients with magnetic fields—425(A) 

Kriezis, P. E. Review of Dimensional methods and their applications 
—409 

Kruglak, Haym. Evaluation of laboratory achievement in elementary 
college physics—509 (A) 
—Measurement of laboratory achievement. Part I—442; Part II. 
Paper-pencil laboratory achievement tests—452 


LaMarsh, J. R. Nineteenth century experiments in magnetism—152(A) 

La Mer, Victor K. Some current misinterpretations of N. L. Sadi 
Carnot’s Memoir and cycle—20 

Landé, Alfred. Quantum mechanics and thermodynamic continuity. 
II—82 

Leifson, S. W. Series connection of condensers—569 

Leivo, William J. Teaching transistor physics—622 

Lefier, Glenn Q. Meeting of the Illinois Section—426 

Lenzen, Victor F. Terms of statistical mechanics—638 (L) 

Levine, Raphael B. Biophysics and the role of physics in biology 
—582(A) 

Lincoln, R. L. New technique for evaluation of cloud seeding operations 
—423(A) , 

Loomis, D. D. Vector solution of network problems—152(A) 

Lovell, Donald J. Electrical method for solving the lens equation 
—343(L) 

——-Science and society—430(A) 

Lowry, W. Norwood. Visual aid for the presentation of wave forms to 
first-year students—150(A) 

Luster, E. A. Separation of certain gases from water—425(A) 


Manley, J. H. Cyclotron beam energy determination by a time-of- 
flight method—151 (A) 
Marshall, J. S. Review of Snow crystals—S73 
Martin, Donald C. Meeting of the Applachian Section—240 
Mayo, E. E. Generalization of a theorem of Pappus—152(A) 
McCracken, E. Ruth. Interference spectroscopy—425 (A) 
McDonald, Keith Leon. Topology of steady current magnetic fields—586 
McGarry, E. Dale. Helium content indicates age of meteorites—425 (A) 
McGee, Ronald A. Plus values in physics teaching—421(A) 
McKibben, Robert T. Secondary school textbook—236(L) 
McLachlan, Dan, Jr. (see Herzog, Arno)—33 
McLain, Paul L. Physics in physiology—125 
McMaster, William H. Polarization and the Stokes parameters—351 
McMillan, Juan A. Demonstration of thermal diffusion in gases—490 
Medwin, Herman. Fluid circulations and the motions of particles in 
the Kundt tube—148(A) 
Heat does not always rise—571 (L) 
Meinke, W. W. (see Nehemias, John V.)—88, 511 
Mendoza, Eric. Storm location at sea—an illustration of group velocity 
—208 
Merritt, Thomas P. Electrical units and the undergraduate physics 
course—149(A) 
Michels, Walter C. Balance between teaching and research in the inde- 
pendent college—524 
Miller, Julius Sumner. Extensions of the Cartesian diver experiment 
—235(L) 
———Meetings of the Southern California Section—148, 575 
Modification of multiple-response quizzes—571(L) 
——Multiple images in plane mirrors—343(L) 
——Observations of a pile driver—409(L) 
On demonstrating Bernoulli’s principle—147 (L) 
Paradox of the Stillson wrench—236(L) 
Philosophy of demonstration experiments—431 (A), 637 (L) 
Peculiar properties of a glass rod—343(L) 
——Southern California Section—87 
Mitchell, E. N. (see Freier, George)—581 (A) 
Mitchell, F. H. Encouraging students to choose intelligently an arbi 
trary parameter in an elementary laboratory experiment—636 
Mitchell, H. Rees. Review of Man, rockets, and space—500 
Mitler, Henri. Linearization of a Hamiltonian—95 (L) 
Montgomery, D. J. Review of Static electrification—502 
Moon, Parry and Domina Eberle Spencer. Electromagnetism without 
magnetism: An historical sketch—120 
Morrison, H. L. (see Plain, G. J.)—143 
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Mortimore, D. M. Activities of the physics section at the U. S. Bureau 
of Mines Laboratory—420(A) 

Moser, Paul M. Microwave spectral line breadths—425 (A) 

Myers, Vernon W. Neutron cross sections at long wavelengths—150(A) 


Nash, Leonard K. (see Hickman, Roger W.)—486 

Nehemias, J. V. Problems encountered in routine use of 10-kilocurie, 
gamma-radiation source—430(A) 

- , L. E. Brownell, W. W. Meinke, and E. W. Coleman. Installation 
and operation of ten-kilocurie, cobalt-60 radiation source—88 

——, L. E. Brownell, W. W. Meinke, and D. E. Harmer. Problems 
encountered in routine use of 10-kilocurie, gamma-radiation source 
—Sil1 

Neher, H. V. Review of Physics, principles and applications—154 

Nelson, Clarence H. Review of Pasteur'’s and Tyndall's study of spon- 
taneous generation—244 

Nicholls, R. W. Ionization in air maintained by a uniform plane circular 
distribution of a radioactivity—59 

Nielsen, I. R. (see Howe, P. L.)—478 

Nuckolls, R. G. Review of Microwave spectroscopy—5S00 

Nye, Arthur W. Are we neglecting optics and wave motion in general 
physics? —148(A) 


O’Connell, Walter. Rumors in a physics class—148(A) 
O’Leary, Austin J. Elementary derivation of equations for wave 
speeds—327 
Oldenberg, Otto. Review of Physics of experimental method—640 
Osgood, Thomas H. Practical aids for physics teachers—75 
Report of the Editor for the year 1953—435 
Overbeck, C. J. Training of college physics laboratory assistants—re- 
port on the Northwestern conference—639 
Overstreet, Paul C. Matrix algebra for undergraduates—152(A) 
Owen, G. E. Review of Experimental college physics—413 


Pake, G. E. Review of Microwave spectroscopy—40 

Palmer, C. Harvey, Jr. and George S. Spratt. Laboratory experiment 
on the velocity of light—481 

and George S. Spratt. Measurement of the speed of light in the 

advanced undergraduate laboratory—150(A) 

Parker, Floyd W. Some demonstration puzzlers—431 (A) 

Parkus, H. Review of Mathematical methods for scientists and engineers 
—572 

Paton, R. F. Annual business meeting, Harkness Theatre, January 30, 
1954—434 

Minutes of the meeting of the Council held in New York, January 

28, 1954—432 

Patronis, Eugene T., Jr. Large-screen oscilloscope—341 

Payne, William T. Linear relativistic Hamiltonians—95 (L) 

Perry, Benjamin F. (see Rempfer, Gertrude F.)—422(A) 

Petry, Frank. Gas tube gimmicks—148(A) 

Phillips, T. D. Find the external foree—429(A) 

Phillips, Thomas D. Finding the external force—583 

——Review of Introduction to college physics—5S73 

Pierce, J. R. Review of Information theory and its engineering applica- 
tions—346 

Plain, G. J. and H. L. Morrison. Critical Reynolds number and flow 
permeability—143 . 

Pliskin, William A. Tippe top (topsy-turvy top)—28 

Plum, William B. Michelson museum—177 

Pool, M. L. Review of Radioactivity and radioactive subsiances—349 

Price, R. M. Review of Fundamentals of physical sctence—39 

Price, Robert L. Meetings of the Chicago Section—510, 575 

Purcell, E. M. Nuclear magnetism—Richtmyer Memorial Lecture—1 


Railsback, O. L. Review of Physics—498 

Rao, B. V. Ranga. On the linearization of a relativistic Hamiltonian 
—238(L) 

Rassweiler, Merrill. On significant figures—580(A) 

Raub, Harry L. Laboratory work in atomic physics—150(A) 

Reeves, Jesse L. (see Rempfer, Gertrude F.)—422(A) 

Rempfer, Gertrude F., Benjamin F. Perry, Howard J. Foster, and Jesse 
L. Reeves. Electron optics at Fisk University—422(A) 

Resnick, Robert. Cooperation between the physics and the engineering 
departments at the institutional level—432(A) 

Rhodes, J. E. Jr. Note concerning ratiation pressure against perfect 
reflectors—96(L) 
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Roberts, L. D. Review of Magnetic cooling—5S04 

Rodgers, Eric. Some common examples of careless statements in ele- 
mentary physics textbooks—406, 429(A) 

Rogers, Eric M. Several demonstration experiments—432 (A) 

Rogers, G. L. Abbe theory of microscopic vision and the Gibbs phe- 
nomenon—384 

Roller, Duane H. D. Review of Commentary on the effect of electricity on 
muscular motion—40 

Romer, Alfred and Barbara L. Dodds. On repeating Becquerel’s experi- 
ment—408, 430(A) 

Rosen, Sidney. History of the physics laboratory in the American public 
high school (to 1910)—194 

Rouse, Arthur G. Millikan oil-drop experiment—demonstration model 
—637(L) 

Rozycki, Henry J. Inexpensive experiment for determining centripetal 
force—451 

Seeking aid—451 

Ruddick, James J. Transistors in the electronics laboratory—430(A) 

Rutledge, W. A. (see Ikenberry, E.)—437 





Sachs, Lester M. (see Copeland, Paul L.)—102 

Saelman, B. Some notes on the dynamic load factor in simple un- 
damped linear systems—563 

Sanderman, L. A. and H. R. Blank Jr. Rate of sedimentation in the 
Skagit Bay region—151(A) 

Satterly, John. Hydrodynamical models of radioactive transformations 
—491 

Schearer, Laird D. Experiment to measure the half-life of an isotope 
—425(A) 

Schiff, L. I. Paper representations of noncubic crystal classes—621 

Schilling, Harold K. On the functions and mission of the American 
Association of Physics Teachers, problems and proposals—541 

Schlegel, Richard. Wave and inertial properties of matter—77 

Schmid, L. A. Valence bond calculations—255 

Schoepfie, G. K. Review of Inductory general physics—97 

Schwarz, Guenter and Betty Lou Dilmore. Employment of women in 
physics—184 

Scott, William T. Review of The aim and structure of physical theory 
—503 

Sears, Francis W. Report of the Treasurer—435 

Secrest, E. L. Normal coordinates—17 

Sherk, Kenneth W. (see Kofsky, Irving L.)—344(L) 

Sherwin, Robert. (see Woods, Robert M.)—429(A) 

Simon, A. W. On the theory of the Van de Graaff electrostatic generator 
—318 

Smith, Herbert and Robert Witt. Measurement of the change of phase 
due to scattering—148(A) 

Smith, Lloyd P. Responsibility of the physics teacher in engineering 
education—468 ‘ 

Smith, O. H. Survey of some recent ideas about magnetism—346(A) 

Smith, Orrin H. Use of a chart of units—510(A) 

Snyder, Evan S. and John J. Heilemann. Efficient method for cooling 
a diffusion-type cloud chamber—38 

——and John J. Heilemann. Motion pictures of a diffusion cloud 
chamber—430(A) 

Spencer, Domina Eberle (see Moon, Parry)—120 

Spratt, George S. (see Palmer, C. Harvey, Jr.)—150(A), 481 

Starr, W. L. Concept of radiation measurements—147 (L) 

Stehle, P. Review of Introduction to dynamics—242 


Stinchcomb, T. G. Dependence of magnetic forces on permeability 
—420(A) 


ter Haar, D. Terminology of statistical mechanics—638 (L) 

Tiwari, S. Y. and B. Bhattacharya. On the linearization of a relativistic 
Hamiltonian—344 (L) 

Trolan, J. K. (see Dolan, W. W.)—152(A) 

Trytten, M. H. Review of The utilization of scientific and professional 
man power—SO05 

Turner, Glenn P. International language for science—239 (L) 


Van Name, F. W., Jr. Concerning the frequencies resulting from dis- 
tortion—94 

——-Senior honors thesis program—150(A) 

Van Patter, D. M. Coulomb excitation of heavy nuclei—509(A) 

Varshni, Yatendra Pal. Uncertainty principle and the Bohr theory of 

the hydrogen atom—568 
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Wager, Alan T. Method of preparing biological tissue for spectrographic 
analysis—581 (A) 

Walker, M. J. Matrix calculus and the Stokes parameters of polarized 
radiation—170 

Wall, C. N. Experiment in heat radiation for the general physics 
laboratory—582(A) 

Metaphysics of a physics teacher—364 

—Review of Statistical thermodynamics—347 

Warburton, F. W. Displacement current, a useless concept—299 

——Orbital magnetization—432(A) 

Watson, E. C. Reproductions of prints, drawings, and paintings of in- 
terest in the history of physics. 57. Contemporary portrait of Joseph 
Black—32; 58. Retombera-t-il?—76; 59. Title page from Alhazen’s 
Opticae Thesaurus—101; 60. Heron's ‘Ball on a jet’’ experiment 
—175; 61. Caricatures of Sir Isaac Newton by two famous artists 
—247; 62. The invention of the siphon—390; 63. Conservation of 
momentum in ancient Greece—477; 64. The first appearance of 
concave eyeglasses—549; 65. The discovery of the Zeeman effect 
—633 

Webb, W. S., Chairman. Report of the Committee on Awards—436 

Weber, J. Phase, group, and signal velocity—618 

Weber, Louis. Improvisations—41 

Weber, Louis R. Improvisations—156, 246 

One-quarter terminal course in physics for forestry, veterinary, 

and home economics students—508 (A) 

Physicists’ privileges and responsibilities in the modern world 
—431(A) 

——Review of Introduction to concepts and theories in physical science 
—501 

Weber, Robert L. Basic physics courses in junior colleges and technical 
institutes—147 (L) 

Films selected for college physics courses—54; Erratum—161 

——Modern physics—245 

——Questions on atomic physics—42 

Review of Introduction to electron microscopy—97 

Weekes, Donald F. Reply to a letter of criticism—493(L) 

Weeks, Dorothy W. Meetings of the Central Pennsylvania Section 
—92, 148, 424 

——What can the small college do in the way of a modest research 
program in physics?—149(A) 

Welch, George B. Current drawn in starting an automobile—349 

White, Marsh W. Estimation of the numbers of physicists in training 
during the next decade—421(A) 

——Mathematics in public high schools—237 (L) 

——Physicists in training during the next ten years—150(A) 

Wilkinson, M. K. Techniques and applications of neutron diffraction 
—263 

Williamson, Charles. Physics in engineering education—494(L) 

Williamson, Chas. Stabilized power supply for the elementary elec- 
tronics laboratory—430(A) 

Wilson, R. E. Review of Electronics—574 

Winans, J. G. Doppler effect equation—37 

——Volume exclusion principle—580(A) 

Wissink, G. M. College science and education courses essential for 
teaching high school physics—509(A) 

Witt, Robert (see Smith, Herbert)—148(A) 

Woods, Robert M. and Robert Sherwin. New method for measuring 
the efficiency of a motor—429(A) 

Wollan, E. O. Review of Neutron optics—497 

Wooldridge, Dean E. Some characteristics of military research and 
development—62 

Worrell, Francis T. Experiment on the dielectric constant of a gas—375 

———Simple electrical experiment which teaches several lessons—432(A) 

















Yoder, Paul R., Jr. Analysis of Cassegrainian type telescopic systems 
—424(A) 

——Meeting of the Central Pennsylvania Section—129 

Young, Pearl I. Teaching the principles of correct technical graphs 
—149(A) 

Young, Robert W. Review of Acoustics—642 


Zemansky, Mark W. Presentation of the Oersted Award to Professor 
Clifford N. Wall—363 


Zimmerman, E. J. On the linearization of a relativistic Hamiltonian 
—96(L) 
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What can we expect to learn from high energy accelerators? Enrico 
Fermi—429(T) 
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Report of the Editor for the year 1953, Thomas H. Osgood—435 
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—429(T) 
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—429(T) 
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Section news: Southeastern, Dixon Callihan—421 

What can we expect to learn from high energy accelerators? Address 
of the retiring president of the American Physical Society, Enrico 
Fermi—429(T) 
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An inexpensive polarimeter made from war surplus materials, D. M. 
Bennett—575(T) 

Breadboard and cookbook, Carl E. Adams—575(T) 

Development of the modern alkaline, silver-zinc battery, William 
R. Entrikin—508 (A) 

Diffusion cloud chamber, motion pictures of, Evan S. Snyder and 
John J. Heilemann—430(A) : 

Diffusion-type cloud chamber, efficient method for cooling, Evan S. 
Snyder and John J. Heilemann—38 

Discovery of the differential thermometer, Sanborn C. Brown—13 

Gas tube gimmicks, Frank Petry—148(A) 

Hydrodynamical models of radioactive transformations, John 
Satterly—491 

Inexpensive shockmount, Warren Deshotels—350 
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Model for demonstrating the motion of ions in a cyclotron, F. T. 
Howard—422(A) 
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—424(A) 

New methods and techniques in shop and instrumentation, O. J. Filz 
—424(A) 
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Chas. Williamson—430(A) 

Student refractometer, Robert N. Jones—490 
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Table model Van de Graaff generator, Frank P. Fritchle—580(A) 
Tippe top (topsy-turvy top), William A. Pliskin—28 
Transistors in the electronics laboratory, James J. Ruddick—430(A) 
Uncompensated pendulum clock, Laurence E. Dodd—9 
Astrophysics 
Complex stellar system Algol, E. G. Ebbighausen—423(A) 
Galactic magnetic fields, W. A. Hiltner—577(T) 
Helium content indicates age of meteorites, E. 
—425(A) 
Radio astronomy, F. Graham Smith—577(T) 
Tomorrow's total eclipse of the sun, Richard Sutton—579(T) 
White dwarfs, W. F. Luyten—577(T) 


Dale McGarry 


Biophysics 

Biophysics and the role of physics in biology, Raphael B. Levine 
—582(A) 

Combined physics-radiology program at the University of Louisville, 
Donald W. Hendricks and D. M. Bennett—152(A) 

Electrical response of the human eye; a note on its variation with 
dark adaption, Mathew Alpern and John J. Faris—151(A) 

Method of preparing biological tissue for spectrographic analysis, 
Alan T. Wager—581(A) 

Physics in physiology, Paul L. McLain—125 

Preparation of biological specimens for the x-ray microscope by 
freeze-dry techniques, Robert H. Witt—575(T) 

Use of radioactive materials in biology and medicine, G. L. Brownell 
—424(A) 


Cosmic rays 
Student experiment on the observation and interpretation of the 
Rossi-shower curve, Albert A. Bartlett—507 (A) 
Courses 
Basic physics courses in junior colleges and technical institutes, 
Robert L. Weber—147 (L) 
Combined physics-radiology program at the University of Louisville, 
Donald W. Hendricks and D. M. Bennett—152(A) 
High school laboratory science, S. W. Cram—431 (A) 
Laboratory work in atomic physics, Harry L. Raub—150(A) 
Need for a revision of the undergraduate physics curriculum, Malcolm 
Correll—431 (A) 
On significant figures, Merrill Rassweiler—580(A) 
One-quarter terminal course in physics for forestry, veterinary, and 
home economics students, Louis R. Weber—508(A) 
Premedical courses in physics—advantages and trends, E. L. Harring- 
ton—162 


Some remarks on general education science courses, R. T. Lagemann 
—421(T) 


Demonstrations 

(a) An extension of the jumping-ring demonstration (b) an extension 
of the electric whirl experiment, Julius Sumner Miller—580(T) 

Absorption of infrared radiation by water and glass, demonstration 
experiment to illustrate, D. S. Ainslie—490 

Capacitance and voltage relationships, Wallace A. Hilton—146 

Color television, demonstration of, C. N. Hoyler—429(T) 

Conical pendulum—a demonstration and proof, Ross Gillett—153(T) 

Effective demonstrations in physics, F. E. Christenson—577(T); 
580(A) 

Hydrodynamic models of radioactive decay, Harold P. Knauss—130 

Hydrodynamical models of radioactive 
Satterly—491 

Large demonstration atomizer, Harald C. Jensen—99 

Method of exhibiting sound diffraction patterns, P. L. Howe and 
I. R. Nielsen—478 

Millikan oil-drop experiment—a demonstration model, Arthur G. 
Rouse—637 (L) 

Model for demonstrating the motion of ions in a cyclotron, F. T. 
Howard—422(A) 

Multiple images in plane mirrors, Julius Sumner Miller—343(L) 

On demonstrating Bernoulli's principle, Julius Sumner Miller 
—147(L) 

On repeating Becquerel’s experiment, Alfred Romer and Barbara 
L. Dodds—408, 430(A) 

Optical method for demonstrating the refractive index gradient in 

a sound wave, Paul Loeber—153(T) 


transformations, John 
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Philosophy of demonstration experiments, Julius Sumner Miller 
—431(A); 637(L) 
Several demonstration experiments, Eric M. Rogers—432(A 
Simple demonstrations, A. D. Hummel—431 (A) 
Simple equipment, demonstrations with, B. R. Shafer—240(T) 
Some demonstration puzzlers, Floyd W. Parker—431(A) 
Streamlines and other things, Alfred Leitner—153(T) 
Stroboscopic effect and the barber-pole illusion, Laurence E. Dodd 
—394 
Thermal diffusion in gases, demonstration of, Juan A. McMillan 
—490 
I'wo lecture experiments with falling water, W. W. Sleator—240(T) 
Uses and abuses of demonstration experiments in teaching physics, 
R. M. Sutton—421(T) 
Watches on bifilar suspensions, demonstrations with, L. G. Hoxton 
—431(A) 
Department administration, maintenance, and activities 
Allston Burr Lecture Hall, Harvard University, Roger W. Hickman, 
Edwin C. Kemble, and Leonard K. Nash—486 
Balance between teaching and research in the independent college, 
Walter C. Michels—524 
Balancing research and teaching in the college, Walter C. Michels 
—429(T) 
Combined physics-radiology program at the University of Louisville, 
Donald W. Hendricks and D. M. Bennett—152(A) 
Cooperation between the physics and the engineering departments 
at the institutional level, Robert Resnick—432(A) 
Electron optics at Fisk University, Gertrude F. Rempfer, Benjamin 
F. Perry, Howard J. Foster, and Jesse L. Reeves—422(A) 
Keep your eye on the architect, D. M. Bennett—152(A) 
Power distribution center in the Jewett Laboratories of Rockford 
College, L. J. Bulliet and A. Frances Johnson—582(A) 
Western Michigan College and Kalamazoo College, George E. 
Bradley and Ralph O. Kerman—334 
What can the small college do in the way of a modest research 
program in physics? Raymond J. Seeger, Dorothy W. Weeks, 
Charles H. Schauer, W. D. Walker, Jr., and Robert F. McCune 
—149(T) 


Education, physics and science 


AEC radiological physics fellowship program, E. E. 
—421(A) 

Balance between teaching and research in the independent college, 
Walter C. Michels—524 

Balancing research and teaching in the college, Walter C. Michels 
—429(T) 

Colonel's lady and Rosie O’Grady, Paul F. Bartunek—581 (A) 

Conference on women in science held at Bryn Mawr, Walter C. 
Michels—505 

Does the Journal miss its mark? Or do teachers?, Frederik J. Belin- 
fante—233(L); John H. Baker—234(L) 

Estimation of numbers of physicists in training during the next 
decade, Marsh W. White—421 (A) 

Fellowship program of the National Science Foundation, Bowen 
C. Dees—429(T), 559 

How can college and high school physics teachers cooperate to 
promote the physics profession ?—240(T) 

Is physics meeting the challenge? G. W. Brewington—506(T) 

Is physics redundant? J. C. Hileman—575(T) 

Mathematics in public high schools, Marsh W. White—237(L) 

Metaphysics of a physicist, C. N. Wall—509(T) 

Metaphysics of a physics teacher, C. N. Wall—364, 429(T) 

Need for a revision of the undergraduate physics curriculum, Mal 
colm Correll—431 (A) 

On the functions and mission of the American Association of Physics 
Teachers, problems and proposals, Harold K. Schilling—541 

One approach to the problem of integrating teaching and research, 
Charles H. Schauer—429(T) 

Performance measurement in education, Elmer Hutchisson—431 (A) 

Physicists in training during the next ten years, Marsh W. White 
—150(A) 

Physics for engineers in the mid-fifties, L. E. Grinter—464 

Physics in engineering education, Charles Williamson—494(L) 

Premedical courses in physics—advantages and trends, E. L. Harring- 
ton—162 


Anderson 
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Research Corporation grants—124 

Research subsidies and college teaching, Karl S. Van Dyke—429(T) 

Responsibility of the physics teacher in engineering education, 
Joseph H. Keenan, L. E. Grinter, N. H. Frank, L. P. Smith, and 
H. L. Dodge—429(T); 464 

Role of physics in engineering education—507(T); Paul F. Bartunek 
—508 (A) 

Rumors in a physics class, Walter O’Connell—148 (A) 

Senior honors thesis program, F. W. Van Name, Jr.—150(A) 

Some aspects of physics teaching in West Germany, L. I. Bookstahler 
—576(T) 

Some impressions of physics teaching, Vernon Bollman—575(T) 

Teaching automatic digital computers, C. H. Davidson—429(A) 

Teaching transistor physics, William J. Leivo—622 


Electricity and magnetism 

Ac bridge experiment for the absolute measurement of resistance, 
capacitance, and the speed of light, Richard W. Cole—581(A) 

Application of matrix algebra to electric networks, R. A. Howard—93 

Auxiliary networks and Kron’s transformation formulas, Banesh 
Hoffman—569 

Capacitance and voltage relationships, Wallace A. Hilton—146 

Classical model for rotational magnetic moments in molecules, 
C. K. Jen—553 

Concerning the frequencies resulting from distortion, F. W. Van 
Name, Jr.—94 

Current drawn in starting an automobile, George B. Welch—349 

Dependence of magnetic forces on permeability, T 
—420(A) 

Development of the modern alkaline, silver-zinc battery, William 
R. Entrikin—508 (A) 

Direct experimental method of measuring the ampere in absolute 
units, D. S. Ainslie—205 

Displacement current, a useless concept, F. W. Warburton—299 

Effect of temperature on field emission, W. W. Dolan, W. P. Dyke, 
J. K. Trolan, and J. P. Barbour—152(A) 

Effective mass of electrons in crystals, C. Kittel—250 

Electrical method for solving the lens equation, Donald J. Lovell 
—343(L) 

Electrical response of the human eye; a note on its variation with 
dark adaption, Mathew Alpern and John J. Faris—151(A) 

Electrical units and the undergraduate physics course, Thomas P. 
Merritt—149(A) 

Electrification of fibers, Robert Cunningham—153(T) 

Electromagnetism without magnetism: an historical sketch, Parry 
Moon and Domina Eberle Spencer—120 

Electron optics at Fisk University, Gertrude F. Rempfer, Benjamin 
F. Perry, Howard J. Foster, and Jesse L. Reeves—422(A) 

Experiment on the dielectric constant of a gas, Francis T. Worrell 
—375 

Father Procopius DiviS and his lightning conductor, Karel Hujer 
—108 

Galactic magnetic fields, W. A. Hiltner—577(T) 

Interpretation of the variable mass in Wessel’s theory of the electron, 
S. J. Czyzak—335 

Ionization in air maintained by a uniform plane circular distribution 
of a radioactivity, R. W. Nicholls—59 

Ionization maintained in a gas before a thin plane uniform circular 
source of ionizing particles, P. A. Fraser—220 

Laboratory exercise on determination of a power law by logarithmic 
plotting, T. G. Bullen—406 

Large-screen oscilloscope, Eugene T. Patronis, Jr.—341 

Measurement of the ohm in absolute units, D. S. Ainslie—581(A) 

Millikan oil-drop experiment—a demonstration model, Arthur G. 
Rouse—637 (L) 

Model for demonstrating the motion of ions in a cyclotron, F. T. 
Howard—422(A) 

Modern electronics, Simon Ramo—148(T) 

New method for measuring the efficiency of a motor, Robert M. 
Woods and Robert Sherwin—429(A) 

Nineteenth century experiments in magnetism, J. R. LaMarsh 
—152(A) 

Note on the multiple expansion of the scalar potential, P. A. Fraser 
—37 

Nuclear magnetism, E. M. Purcell—1 


. G. Stinchcomb 
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Nuclear quadrupole resonance, H. G. Dehmelt—110; Erratum—317 

Observation of short period fluctuations in the geomagnetic field, 
Philip A. Goldberg—423(A) 

On the evaluation of the retarded potentials, using Dirac’s 5-function, 
Nandor L. Balazs—491 

On the theory of the Van de Graaff electrostatic generator, A. W. 
Simon—318 

Orbital magnetization, F. W. Warburton—432(A) 

Origin of the magnetic field of the earth, G. D. Hoyt—422(A) 

Oscilloscope pictures of intermodulation distortion, Richard C. 
Hitchcock—187 

Piezoelectric experiment for the modern physics laboratory, J. J. 
Brady—420(A) 

Polarization and the Stokes parameters, William H. McMaster—351 

Recent research in semi-conductors, T. A. Murrell—426(T) 

Reply to a letter of criticism, Donald F. Weekes—493(L) 

Resistivity striations in germanium crystals, Paul R. Camp—152(A) 

Series connection of condensers, S. W. Leifson—569 

Simple electrical experiment which teaches several lessons, Francis 
T. Worrell—432 (A) 

Small de motor experiment for the elementary laboratory, George 
Bradley—153(T) 

Some characteristics of a ground germanium surface, P. Camp 
—423(A) 

Some electronic properties of silver halides, F. C. Brown—423(A) 

Some elementary concepts in electrostatics, D. G. Frood—369 

Space charge between parallel planes, Paul L. Copeland and Lester 
M. Sachs—102; Comment, Henry S. C. Chen—495(L) 

Space charge between parallel plates, Paul R. Gleason—408(L) 

Stabilized power supply for the elementary electronics laboratory, 
Chas. Williamson—430(A) 

Survey of some recent ideas about magnetism, O. H. Smith—346(A) 

Teaching of electric circuits and dual electric circuits, E. Ikenberry 
and W. A. Rutledge—437 

Teaching transistor physics, William J. Leivo—622 

Topology of steady current magnetic fields, Keith L. McDonald—586 

Vector solution of network problems, D. D. Loomis—152(A) 


Employment of physicists 

Conference on women in science held at Bryn Mawr, Walter C. 
Michels—S505 

Employment of women in physics, Guenter Schwarz and Betty Lou 
Dilmore—184 

Experiments 

Ac bridge experiment for the absolute measurement of resistance, 
capacitance, and the speed of light, Richard W. Cole—581 (A) 

Critical Reynolds number and flow permeability, G. J. Plain and 
H. L. Morrison—143 

Dielectric constant of a gas, experiment on, Francis T. Worrell—375 

Diffraction experiments with microwaves, C. W. Peters—506(T) 

Direct experimental method of measuring the ampere in absolute 
units, D. S. Ainslie—205 

Encouraging students to choose intelligently an arbitrary parameter 
in an elementary laboratory experiment, F. H. Mitchell—636 

Experience with selected experiments for the premedical student, 
V. L. Bollman—S581 (A) Z 

Experiment to measure the half-life of an isotope, Laird D. Schearer 
—425(A) 

Extension of the Cartesian diver experiment, Julius Sumner Miller 
—235(L) 

Find the external force, T. D. Phillips—429(A) 

Fresnel diffraction experiment for the advanced laboratory, Brother 
H. Gerard—345 (A) 

Heat radiation, experiment for the general physics laboratory, 
C. N. Wall—582(A) 

Heron's “ball on a jet’’ experiment, E. C. Watson—175 

Inexpensive experiment for determining centripetal force, Henry J. 
Rozycki—451 

Laboratory exercise on determination of a power law by logarithmic 
plotting, T. G. Bullen—406 

Laboratory experiments for nontechnical students, F. E. 
—424(A) 

Laboratory experiment on the velocity of light, C. Harvey Palmer, Jr. 
and George S. Spratt—481 
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Laws of light absorption, experiments on, Otto Bliih and Howard Ko 
—306 

Measurement of the ohm in absolute units, D. S. Ainslie—581(A) 

Measurement of the speed of light in the advanced undergraduate 
laboratory, C. Harvey Palmer, Jr., and George S. Spratt—150(A) 

Method for the analysis of musical sounds, James M. Bradford 
—430(A) 

Neutron experiments for the undergraduate laboratory, Mario Iona 
—507(A) 

New method for measuring the efficiency of a motor, Robert M. 
Woods and Robert Sherwin—429(A) 

Nineteenth century experiments in magnetism, J. R. LaMarsh 
—152(A) 

Note on the study of uniformly accelerated motion, Henry S. C. 
Chen—253; Erratum—368 

On repeating Becquerel’s experiment, Alfred Romer and Barbara L. 
Dodds—408, 430(A) 

Piezoelectric experiment for the modern physics laboratory, J. J. 
Brady—420(A) 

Simple electrical experiment which teaches several lessons, Francis 
T. Worrell—432(A) 

Simple transistor experiment, N. P. Bosted—150(A) 

Small de motor experiment for the elementary laboratory, George 
Bradley—153(T) 

Some experiments for the advanced laboratory, Joseph P. Harper 
—150(A) 

Some experiments on ion-exchange membranes, R. B. Hastings 
—346(A) 

Student experiment on the observation and interpretation of the 
Rossi-shower curve, Albert A. Bartlett—507 (A) 

Student refractometer, Robert N. Jones—490 

Teaching transistor physics, William J. Leivo—622 

Transistors in the electronics laboratory, James J. Ruddick—430(A) 

Undergraduate physics laboratory, Vernon Crawford—344(L) 

Weighted meter stick, Grant O. Gale—350 

Wind tunnel experiment for general physics laboratories, George 
Freier and E. M. Mitchell—581 (A) 


General education 


Laboratory teaching in general education courses, Clement L. 
Henshaw—68 

Some remarks on general education science courses, R. T. Lagemann 
—421(T) 

General physics, educational aspects 

Are we neglecting optics and wave motion in general physics? 
Arthur W. Nye—148(A) 

Experiences in teaching home economics physics, E. F. Carr—153(T) 

Is physics meeting the challenge? G. W. Brewington—506(T) 

Role of physics in engineering education, Paul F. Bartunek—508 (A) 

Some elementary paradoxes, T. N. Wilson—575(T) 

Some problems in connection with the physics course for nonscience 
majors, Harold Hughesdon and George Stubbs—345(T) 

Some questionable answers, T. D. Phillips—240(T) 

Teaching the principles of correct technical graphs, Pearl I. Young 
—149(A) 

General physics, instructional techniques 

Changing vectors, Irving L. Kofsky and Kenneth W. Sherk—344(L) 

Developing appreciation through repeating historical measurements, 
Paul C. Overstreet—575(T) 

Electrical units and the undergraduate physics course, Thomas P. 
Merritt—149(A) 

Encouraging students to choose intelligently an a bitrary parameter 
in an elementary laboratory experiment, F. H. Mitchell—636 

Finding the external force, Thomas D. Phillips—583 

Improvisations, Louis Weber—41; Louis R. Weber—156, 246 

Metaphysics of a physics teacher, C. N. Wall—364, 429(T) 

Plus values in physics teaching, Ronald A McGee—421(A) 

Practical aids for physics teachers—41, 75, 99, 156, 245, 349, 451, 
467, 480, 552, 567 

Solution of problems by fundamental relationships, Joseph H. Howey 
—422(A) 

Stimulating student curiosity by a problem-solving method, Elizabeth 
Mayo—575(T) 

Teaching of electric circuits and dual electric circuits, E. Ikenberry 

and W. A. Rutledge—437 
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Uses and abuses of demonstration experiments in teaching physics, 
R. M. Sutton—421(T) 

Visual aid for the presentation of wave forms to first-year students, 

W. Norwood Lowry—150(A) 


Geophysics 


Age of the earth, T. L. Collins—577(T) 

Observation of short period fluctuations in the geomagnetic field, 
Philip A. Goldberg—423 (A) 

Origin of the magnetic field of the earth, G. D. Hoyt—422(A) 

Rate of sedimentation in the Skagit Bay region, L. A. Sanderman and 
H. R. Blank, Jr.—151(A) 


Heat and thermodynamics 


Demonstration of thermal diffusion in gases, Juan A. McMillan—490 

Discovery of the differential thermometer, Sanborn C. Brown—13 

Distribution functions and isotropic gases, G. C. Benson and E. A. 
Flood—550 

Effect of temperature on field emission, W. W. Dolan, W. P. Dyke, 
J. K. Trolan, and J. P. Barbour—152(A) 

Equivalence of the Clausius and Kelvin postulates, Charles N. Hamtil 
—93 

Experiment in heat radiation for the general physics laboratory, 
C. N. Wall—582(A) 

Heat does not always rise, Herman Medwin—571(L) 

Integrability conditions and Carathéodory’s theorem, H. A. Buchdahl 
—182 

New examination of the laws of thermodynamics, Robert B. Green 
—191 

On Planck’s quantum of action, Paul S. Epstein—402 

On the lack of equivalence of the Clausius and Kelvin principles, 
Nandor L. Balazs—495(L) 

Quantum mechanics and thermodynamic continuity. II, Alfred 
Landé—82 

“Ratio of specific heats’’ and thermodynamics, L. G. Hoxton—429(A) 

Some current misinterpretations of N. L. Sadi Carnot’s Memoir and 
cycle, Victor K. La Mer—20 

Terminology of statistical mechanics, D. ter Haar—638(L) 

Terms of statistical mechanics, Victor F. Lenzen—638(L) 

Uncompensated pendulum clock, Laurence E. Dodd—9 


History and biography 


Discovery of the differential thermometer, Sanborn C. Brown—13 

Electromagnetism without magnetism: An historical sketch, Parry 
Moon and Domina Eberle Spencer—i20 

Father Procopius DiviS and his lightning conductor, Karel Hujer 
—108 

Galileo's first guess, wrong and right, W. W. Sleator—240(T) 

Men of physics, Lawrence W. Hartel—508(A) 

Michelson museum, William B. Plum—177 

Nineteenth century experiments in magnetism, J. R. LaMarsh 
—152(A) 

Physicians as physicists, E. Scott Barr—421(A) 

Physics laboratory in the American public high school (to 1910), 
history of, Sidney Rosen—194 

Reproductions of prints, drawings, and paintings of interest in the 
history of physics, E. C. Watson. 57. Contemporary portrait of 
Joseph Black—32; 58. Retombera-t-il?—76; 59. Title page from 
Alhazen’s Opticae Thesaurus—101; 60. Heron’s “Ball on a jet"’ 
experiment—175; 61. Caricatures of Sir Isaac Newton by two 
famous artists—247; 62. The invention of the siphon—390; 63. 
Conservation of momentum in ancient Greece—477; 64. The 
first appearance of concave eyeglasses—549; 65. The discovery of 
the Zeeman effect—633 

Some comments on physics according to Aristotle, Waldemar Noll 
—152(T) 

Some current misinterpretations of N. L. Sadi Carnot’s Memoir and 
cycle, Victor K. La Mer—20 


Industrial and governmental research 


Activities of the physics section at the U. S. Bureau of Mines Labora- 
tory, D. M. Mortimore—420(A) 

Michelson museum, William B. Plum—177 

Oak Ridge Institute of Nuclear Studies—617 


Laboratory arts and techniques 


Detection of minute amounts of oil in water, Royal P. Fisher—425(A) 








Efficient method for cooling a diffusion-type cloud chamber, Evan 
S. Snyder and John J. Heilemann—38 

Inexpensive shockmount, Warren J. Deshotels—350 

New methods and techniques in shop and instrumentation, O. J. Filz 
—424(A) 

Separation of certain gases from water, E. A. Luster—425(A) 

Survey of scintillation methods of radiation detection, James F. 
Hurlbut—S07 (A) 

Weighing filaments by vibrational techniques, D. J. Montgomery 
—153(T) 

Laboratory organization and operation 

Atomic physics, laboratory work in, Harry L. Raub—150(A) 

Evaluation of laboratory achievement in elementary college physics, 
Haym Kruglak—509(A) 

General physics laboratory without written directions, Guy Forman 
—421(T) 

History of the physics laboratory in the American public high 
school (to 1910), Sidney Rosen—194 

Installation and operation of ten-kilocurie cobalt—60 gamma-radia- 
tion source, John V. Nehemias, L. E. Brownell, W. W. Meinke, 
and E. W. Coleman—88 

Laboratory teaching in general education courses, 
Henshaw—68 

Measurement of laboratory achievement, Haym Kruglak. Part I. 
—442; Part II. Paper-pencil laboratory achievement tests—452 

Views on conducting the physics laboratory for the elementary 
college course, Irving Boekelheide—575(T) 


Clement L. 


Language 


International language for science, Glenn P. Turner—239(L) 
Remarks on the international language—Interlingua, Forrest F. 
Cleveland—239(L) 


Light 


Abbe theory of microscopic vision and the Gibbs phenomenon, G. L. 
Rogers—384 

Ac bridge experiment for the absolute measurement of resistance, 
capacitance, and the speed of light, Richard W. Cole—581(A) 

Analysis of Cassegrainian type telescopic systems, Paul R. Yoder, 
Jr.—424(A) 

Are we neglecting optics and wave motion in general physics? Arthur 
W. Nye—148(A) 

Binocular illusion, Paul Kirkpatrick—493(L) 

Comments on the optics of birefringent crystals, M. Parker Givens 
and Wendell V. Discher—379 

Concept of radiation measurements, W. L. Starr—147(L) 

Demonstration experiment to illustrate the absorption of infrared 
radiation by water and glass, D. S. Ainslie—490 

Derivation of E=mc? from Maxwell's formula for the pressure of 
light, Gordon Ferrie Hull—429(A) 

Discovery of the Zeeman effect, E. C. Watson—633 

Electrical method for solving the lens equation, Donald J. Lovell 
—343(L) 

Electrical response of the human eye; a note on its variation with 
dark adaption, Mathew Alpern and John J. Faris—151(A) 

Experiments on the laws of light absorption, Otto Bliih and Howard 
Ko—306 

First appearance of concave eyeglasses, E. C. Watson—549 

Fresnel diffraction experiment for the advanced laboratory, Brother 
H. Gerard—345 (A) 

Interference spectroscopy, E. Ruth McCracken—425(A) 

Laboratory experiment on the velocity of light, C. Harvey Palmer, 
Jr. and George S. Spratt—481 

Matrix calculus and the Stokes parameters of polarized radiation, 
M. J. Walker—170 

Measurement of the change of phase due to scattering, Herbert 
Smith and Robert Witt—148(A) 

Measurement of the speed of light in the advanced undergraduate 
laboratory, C. Harvey Palmer, Jr., and George S. Spratt—150(A) 

Multiple images in plane mirrors, Julius Sumner Miller—343(L) 

Note concerning radiation pressure against perfect reflectors, J. E. 
Rhodes, Jr.—96(L) 

Objects and images, C. D. Hause and Walter Gessert—153(T) 

On looking through a glass plate obliquely, Paul Kirkpatrick—451 

Optical absorption in silver chloride, F. C. Brown—420(T) 

Optical method for demonstrating the refractive index gradient 

in a sound wave, Paul Loeber—153(T) 
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Peculiar properties of a glass rod, Julius Sumner Miller—343(L) 

Phase, group, and signal velocity, J. Weber—618 

Photoelastic patterns without crossed polarizer and analyzer Alfred 
V. Baez—39(L); I. F. Ferguson—495(L) 

Photoelastic strain patterns without polarizers, Albert V. Baez 
—148(A) 

Polarization and the Stokes parameters, William H. McMaster—351 

Pure quadrupole spectra of molecular crystals, H. C. Allen, Jr. 
—153(T) 

Radiation-sensitive glasses, E. U. Condon—310 

Seeking aid, Henry J. Rozycki—451 

Source of the highly forbidden lines in the spectrum of cadmium, 
F. E. Deloume—575(T) 

Stroboscopic effect and the barber-pole illusion, Laurence E. Dodd 
—394 

Undergraduate physics laboratory, Vernon Crawford—344(L) 


Mathematics 

Application of matrix algebra to electric networks, R. A. Howard—93 

Applied mathematics—614 

Axiomatic foundations of spinor algebra, Hans Freistadt—580(A) 

Concerning the frequencies resulting from distortion, F. W. Van 
Name, Jr.—94 

Experimental trigonometry, William Bauer and Don E. Harrison, 
Jr.—575(T) 

Generalization of a theorem of Pappus, E. E. Mayo—152(A) 

Integrability conditions and Carathéodory’s theorem, H. A. Buchdahl 
—182 
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